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ABSTRACT
Assessing Post-fire Revegetation Efforts in Box Elder County, Utah,
Using the Rangeland Analysis Platform
by
Rayce A. Bryan, Master of Science
Utah State University, 2022
Major Professor: Dr. Eric T. Thacker
Department: Wildland Resources
The West Box Elder Coordinated Resource Management Group expressed
concern regarding the difficult process of determining outcomes from the many postfire revegetation projects undertaken on rangelands of Box Elder County, Utah. This
research attempted to compile and clarify the fire and treatment history of the county
and produce a remotely sensed assessment of the outcomes from each unique post-fire
treatment in West Box Elder County.
Unique treatment polygons were identified and then subset according to the
resistance/resilience ranking of the ecosystem where they were found. To assess
treatment outcomes, the Rangeland Analysis Platform was used to show trends in
functional group cover within each treatment and resistance/resilience combination
through time. Effect size analyses were performed using the outputs from the
Rangeland Analysis Platform.
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Mild successes in perennial establishment occurred across treatment types.
Annual cover increased or was more closely dependent on pretreatment levels than
treatment type. My results also indicate that time to recovery after fire may be longer
than 15-years, especially when evaluating shrub response to post-fire treatments. My
analysis reemphasized that, annual, perennial, and shrub responses to treatments are
highly variable and depend on many factors besides treatment method and resistance
and resilience (R&R) classification alone.
An annotated bibliography outlining post-fire revegetation outcomes was also
compiled. This database was designed to help managers familiarize with and discover
new literature regarding post-fire restoration techniques and outcomes. Literature
focusing on specific outcomes of post-fire revegetation across rangelands of the great
basin were assembled into this database. Categories of key words were assembled and
used to describe each study and help facilitate specific managers queries.
(207 pages)
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PUBLIC ABSTRACT
Assessing Post-fire Revegetation Efforts in Box Elder County, Utah,
Using the Rangeland Analysis Platform
Rayce A. Bryan
After fires occur in western rangelands, land management agencies commonly
perform vegetation treatments and reseeding projects. The West Box Elder Coordinated
Resource Management Group expressed concern regarding the difficult process of
determining outcomes from the many post-fire revegetation projects undertaken on
rangeland of Box Elder County, Utah. This research attempted to compile and clarify the
fire and treatment history of the county and produce an assessment of the outcomes
from each unique post-fire treatment in West Box Elder County. Also produced was a
database of post-fire revegetation outcomes in published literature.
Unique treatment polygons were identified and then subset according to the
resistance/resilience ranking of the ecosystem where they were found. To assess
treatment outcomes, the Rangeland Analysis Platform was used to show trends in
different types of vegetation from satellite imagery. Formal effect size analyses were
performed with the outputs of the Rangeland Analysis Platform. Effect size analyses
measures the strength between to variables, in this case I measured what vegetation
looked like before and after the treatments.
Mild successes in perennial establishment occurred across treatment types.
Annual cover increased or was more closely dependent on pretreatment levels than
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treatment type. My results also indicate that time to recovery after fire may be longer
than 15-years, especially when evaluating shrub response to post-fire treatments. My
analysis reemphasized that, annual, perennial, and shrub responses to treatments are
highly variable and depend on many factors besides treatment method and R&R
classification alone.
A database of publications outlining post-fire revegetation outcomes was also
compiled. This database was designed to help managers refamiliarize with and discover
new literature regarding post-fire restoration techniques and outcomes. Literature
focusing on specific outcomes of post-fire revegetation across rangelands of the great
basin were assembled into this database. Categories of key words were assembled and
used to describe each study and help facilitate specific managers queries.
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CHAPTER 1
INTRODUCTION AND LITERATURE REVIEW
An Introduction to Rangeland Fire and Rangeland Revegetation Efforts
The size, frequency, and severity of rangeland fires across the Great Basin are
expected to increase with the growing presence of invasive annual grasses and
predicted climate models (Robichaud et al. 2009). These circumstances will further
exacerbate the loss of native plant species and increase the abundance of invasive
annual grasses. This potential for ecological change has triggered large restorative
treatment efforts across the Great Basin. Fires fueled by invasive annual grasses are
one of the greatest threats to the sagebrush communities of the Great Basin. Significant
effort has been expended on managing fire recovery in the Great Basin, which often
includes seed amendments to help restore sagebrush communities. Most of the Great
Basin rangelands are owned by Federal land management agencies; following wildfires,
agency personnel are the designated “decision makers” faced with planning restoration
projects. Appropriate post-fire restoration efforts after a fire are needed to prevent a
compositional shift in species as well as the negative changes to the ecosystem that will
follow such a shift (Epanchin-Niell et al. 2009).
There is a significant body of literature on post-fire restoration of rangelands,
however, there is not much consensus on the outcomes of the treatment methods and
restoration practices used. Even with uncertain outcomes from different treatment
methods, many agree that without treatment, displacement of native species by annual
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invaders could continue to negatively affect the sagebrush ecosystem. The root of the
problem may be that there have not been many long-term and large spatial scale
evaluations of actual restoration project outcomes. The complexity and variation of
general conditions found across sagebrush rangeland systems also makes it difficult for
decision makers to find simple “fix all” solutions that can be applied across a broad
region. Certain practices or treatments may be successful in one area while that same
treatment may fail in another. Perhaps this can explain some of the frustration land
managers feel and managers' frustrations when deciding what treatment actions will
best suit an area.
Over the last few decades, justification for performing post-fire rangeland
treatments has been to 1. Increase the abundance of keystone Artemisia shrub species
commonly displaced after fire (Davies et al. 2015, Epanchin-Niell et al. 2009, Knutson et
al. 2014), 2. To prevent erosion that limits watershed function (Beyers 2004, Calkin et al.
2007, Knutson et al. 2014, Pyke, Wirth, and Beyers 2013, Sankey, Wallace, and Ravi
2013), and 3. To strengthen overall rangeland ecosystem health (Anderson 2004, Beyers
2004, Brabec, Germino, and Richardson 2017, Calkin et al. 2007, Cox and, Hilty et al.
2004, Ferguson 2012, Pyke, Wirth, and Beyers 2013, Shinneman and Baker 2009).
Increasing the Abundance of Keystone Artemisia Shrub Species
The first objective of performing post-fire treatments is to restore Artemisia
shrub species. Artemisia shrubs are considered one of the most important keystone
species throughout the great basin. Big sagebrush (Artemisia tridentata) is the most
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abundant and widespread of all sagebrush species (Shultz 2012). Artemisia tridentata
includes three main subspecies including basin big sagebrush (A. tridentata
subsp.tridentata), mountain big sagebrush (A. tridentata subsp. vaseyana), and
Wyoming big sagebrush (A. tridentata subsp.wyomingensis). It is estimated that
Artemisia tridentata sub species occupy more area and have more biomass than any
other species of shrub in the world (Shultz 2009). Artemisia shrubs are considered
foundational but fire intolerant and can be easily lost through disturbance (Brabec et al.
2017). Restoring and maintaining sagebrush on the landscape is fundamental to
providing quality habitat for shrub obligate or dependent wildlife species (Davies et al.
2015). A landscape with established invasive annual grasses may be considered
degraded and unsuitable for wildlife through the loss of both forage and escape cover
(Epanchin-Niell et al. 2009, Knutson et al. 2014). Sagebrush obligate species such as the
greater sage-grouse, (Centrocercus urophasianus) depend on intact sagebrush
ecosystems with low non-native annual plant cover and low levels or fragmentation
from such non-native plants (Arkle et al. 2014, Knutson et al. 2014).
Promoting Watershed Function by Preventing Erosion
The second objective of performing post-fire treatments on rangelands is to
promote healthy watershed function. Fires in sagebrush ecosystems affect above
ground plant structure and composition through plant mortality. However, plant
mortality also affects the below ground structure of grass and shrub roots crucial to soil
stability and health. Following fire, mineral soil is exposed and has high potential to
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erode through rain, snow melt, gravity, and wind. This eroded sediment ends up in
creeks, streams, and rivers downstream from the disturbance and alters conditions for
fish and other aquatic life dependent on the watershed. As such, preventing erosion
after fire through treatments is not only done to promote the reestablishment of
desirable plant species on the burned site but to prevent sediment accumulation in the
watershed affected by the fire (Calkin et al. 2007). Calkin et al. (2007) note that erosion
and flooding caused by unprotected exposed soils after fires may threaten human life,
safety, as well as infrastructure. Many post-fire restoration projects aim to prevent soil
surface erosion and loss (Beyers 2004, Knutson et al. 2014, Pyke, Wirth, and Beyers
2013, Sankey, Wallace, and Ravi 2013). Some instances of seeded grasses reducing
erosion in disturbed landscapes have been observed (Porensky et al. 2014).
Nonetheless, many studies examining the effectiveness of rangeland treatments on
controlling erosion have rarely reported clear benefits occurring immediately after
fire/treatment (Beyers et al. 2004; Sankey, Wallace, and Ravi 2013; Ott, McArthur, and
Roundy 2003). While reviewing eight different erosion prevention case studies, Pyke et
al. 2013 found that, due to climatic variability, seeding had little effect on erosion during
the first year after fire. Miller et al. (2012) came to the same conclusion but found that
an even longer period was necessary to begin observing erosion control from a projects’
seeded species (after three years). These findings suggest that seeding after fires with
the intent of reducing erosion in the short term, may be flawed, as cheatgrass usually
establishes first and can provide soil stability that first year of growth (Pierson,
Blackburn, and Van Vactor 2007). Some studies suggest that mechanical treatments
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performed immediately after fire, may increase the likelihood of erosion, depending on
wind patterns and soil types found on site (Miller et al. 2012). Land managers should
also keep in mind that, even if correct methods are used and conditions are right for
seedling establishment there is a low probability of reducing erosion after fire because
initial damaging runoff events commonly occur (early in the year) before seeded grasses
can germinate, establish, and stabilize the soil (Robichaud et al. 2000). Managers should
consider these factors when planning treatments. Shifts in treatment philosophy may
also need to take place if seeding treatments are being performed with the expectation
of reducing erosion.
Strengthening Overall Rangeland Ecosystem Health
The third objective justifying post-fire treatments is to strengthen the overall
health of the rangeland ecosystems where the fire occurred. Preventing permanent
impairment of overall rangeland ecosystem structure and function is justification for
many treatment projects (Beyers 2004). Aspects of rangeland ecosystem health that are
of common interest to land managers include adequate vegetation cover, resistance
and resilience to disturbance and invasion, forage availability for wildlife and domestic
livestock, biodiversity of flora and fauna, local economies, soil health, and reduction of
wildfire risk. If left unchecked invasive annual species can soon dominate the landscape
and have the potential to negatively impact each of the aforementioned aspects of
rangeland health.
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The loss of vegetation cover following fire in sagebrush systems is commonly the
first immediate impact that treatment efforts attempt to correct. Loss of vegetation
cover initiates other secondary effects of disturbance, including exposing mineral soil
and erosion (Brabec, Germino, and Richardson 2017). Related to the loss of vegetation
cover is the vulnerability of that disturbed site to invasive plant species and noxious
weeds (Calkin et al. 2007). Many rangelands across the great basin have already
experienced a shift from perennial plant communities to weedy dominated rangelands
(Cox and Anderson 2004). Bromus tectorum (Cheatgrass) is the most common of the
invasive annual grasses, which has modified the structure of shrublands across the great
basin by increasing both fuel loads and fuel continuity, leading to an increase in the
frequency of wildfires (Hilty et al. 2004).
Counteracting these negative effects of cheatgrass has been the focused desire
of managers and a core justification for restoration projects (Pyke, Wirth, and Beyers
2013). Cheatgrass is also the most widespread annual invasive grass affecting rangeland
conditions at landscape scales in the western United States (Ferguson 2012).
Rangelands provide key habitat and forage for various wildlife species, including
domestic cattle and sheep. When invasive annual species like cheatgrass or medusa
head wild rye (Taeniatherum caput-medusae) invade into rangelands they the reduce
forage production and the function of the rangelands, especially at high densities
(Davies et al. 2015, Eiswerth et al. 2009). Preserving or maintaining forage availability
for both of these uses is an important consideration while planning restoration projects.
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Production of desirable forage in sagebrush ecosystems, is much harder to
predict under competition from invasive annuals (Epanchin-Niell, Englin, and Nalle
2009). In recent years, increased importance has been placed on maintaining
biodiversity across rangeland systems by ensuring species richness levels are maintained
or increased following treatments (Shinneman and Baker 2009). Restoring biodiversity
in degraded areas is purported to increase resistance to further invasion of annuals and
increase the amount of desired vegetation on site (Davies, Johnson, and Nafus 2014).
There are several other ecosystem services provided by the rangelands to nearby
communities and population centers. Conserving and maintaining these services is
another justification for performing post-fire treatments. Calkin et al. (2007) explained
that managing flooding, runoff, and erosion helps prevent negative effects that threaten
human life and safety, cultural and ecological resources, land use, and existing
infrastructure.
Restoring sagebrush is a key part in rehabilitating degraded rangelands to a state
resilient enough to provide ecosystem services once again (Davies and Bates 2019).
Economic stability for both commercial and private interests dependent on rangeland
ecosystem services are maintained through the protection of overall rangeland
ecosystem health (Pellant, Abbey, and Karl 2004). Lastly, strengthening the overall
health of sagebrush rangelands cannot be fully achieved without correcting the
cheatgrass fire cycle (Kulpa 2010, Sankey et al. 2013). To ensure long-term success,
treatment efforts must return sagebrush systems to a more perennial dominated state.
This can be done by reducing annual fuel continuity/accumulation and lowering the

8
frequency, severity, and size of fires (Robichaud et al. 2009). Returning great basin
sagebrush systems to a more natural fire cycle will also reduce the large fire-fighting
costs currently being experienced by agencies (Epanchin-Niell, Englin, and Nalle 2009).
Post-Fire Restoration Methods and Factors Influencing Treatment Success
Seeding and Treatment Methods
Methods and techniques used by managers to perform post-fire seeding
treatments vary depending on site limitations and desired outcomes. Techniques
commonly used alone or in conjunction with each other include aerial seeding, chaining,
drill seeding, chemical applications, and seedling planting. Factors influencing
treatment success include elevation, slope, aspect, amount and timing of precipitation,
ecosystem resistance and resilience, seed zones, seed and plant traits, seeding rate,
seed mixes, and existing seed banks.
Aerial Seeding and Chaining
This method uses a large anchor-chain that is pulled between two bulldozers or
crawlers. Chaining uproots dead standing vegetation and roughs up the soil surface
exposing mineral soil and creates undulations across the soil surface.
Aerial/broadcasting applications of seed are applied after chaining, seed can be spread
using a seed spreader or released from aircraft. In a study following fires occurring in
both sagebrush and pinyon-juniper habitats (Pinus spp., Juniperus spp.) in west central
Utah, Ott et al. (2003) reaffirmed the utility of aerial seeding followed by chaining as a
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rehabilitation technique, specifically by suppressing cheatgrass. Thompson et al. (2006)
measured species frequency, density, and cover of various seed mixes that were
distributed aerially and followed by chaining. They found the third-year average of
these indicators to be similar to other treatment methods and considered the method
to have acceptable levels of success (Thompson et al. 2006). Miller et al. 2012 observed
one specific aerial seed application and chaining established enough perennial grass
after a fire to reduce sediment fluxes at that site, however this was not the case for
other sites they examined.
Drill Seeding
This method uses a rangeland drill pulled behind a tractor to create furrows
across the soil surface in which seeds are applied at a steady rate and then covered once
again by topsoil. Beyers et al. (2015) found aerial seedings were generally more
problematic than drill seedings. Jessop et al. reported that drill seeding reduced
cheatgrass densities (Jessop et al. 2007). Knutson et al. (2014) also found that cover of
undesirable, non-native annual grasses was lower in drill seeded areas relative to
unseeded areas, but only at higher elevations. Examining drill seedings in more detail
Knutson et al. (2014) found that seeding non-native perennial grasses such as crested
wheatgrass (Agropyron cristatum) and non-native shrubs such as forage kochia (Bassia
prostrata) resulted in more vegetation cover in both aerial and drill seedings. Knutson
et al.’s (2014) general findings were that post-fire seeding treatments did provide a
long-term increase in cover of perennial grasses and at times reduced non-native grass
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and forb cover. These effects, however, were primarily limited to locations drill-seeded
with non-native grasses at higher elevation/precipitation sites (locations where nonnative annuals are typically less problematic) (Knutson et al. 2014). Porensky et al.
(2014) designed a study to establish native vegetation (both grasses and shrubs) in
former shrublands, that were once converted to croplands, using irrigation as a
restoration method. They found that shrub cover and density were highest in plots that
had been drill-seeded and irrigated but lacked perennial grasses. They concluded that,
drilled perennial grasses did not facilitate native shrub establishment or survival.
Not all drill seeding projects result in establishment of target species, Pierson et
al. (2007) attempted a variety of mechanical treatments including a drill and disk-chain
seeder, all of which failed to enhance recovery of native grass species and all project
sites returned to or remained in a cheatgrass dominated state. In a different study
examining different seed mixes effects on cover and density of seeded species,
Thompson et al. (2006) noted that drilled species may have been buried too deep to
ensure optimal emergence of seedlings, emphasizing the importance of proper
execution of mechanical treatments to achieve desired results from treatments. Brabec
et al. 2015 also experienced limited success with drill seeding as increased ground
disturbance and lack of establishment of seeded native species led to high amounts of
cheatgrass competition in seeded plots.
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Planting Sagebrush Seedlings
This method imbeds already sprouted sagebrush seedlings into the soil, usually
done by hand or with light equipment. Davies et al. (2013) found that planting
sagebrush seedlings as opposed to applying sagebrush seed can structurally diversify
monocultures of crested wheatgrass to provide habitat for wildlife. Grant-Hoffman et
al. 2021, also found evidence that supported the utility of transplanting seedlings, they
reported that sagebrush grew and survived better than when compared to applying
seed. Brabec et al. (2017) examined sagebrush seedling cytotypes and subspecies
responses to climate adaptation, they suggest cytotype of the planted seedlings may
most greatly influence success. Brabec et al. (2015) found that mowing restoration sites
before seedling planting occurred helped increase initial survival, but only where
seeding did not occur in conjunction with the planting.

Chemical Applications
Use of chemical applications and herbicide treatments often accompany
restoration efforts on rangelands. Published literature frequently evaluates herbicide
applications in restoration scenarios including; herbicide applications designed
specifically to reduce competition between all species and sagebrush species, and
herbicide applications to reduce competition between annual invaders and desired
perennial grasses. In general, herbicide applications help with target species seedling
establishment by reducing competition with non-desirable vegetation.
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Herbicide: Imazapic (Plateau®)
An extensive body of literature exists discussing the effectiveness of the
herbicide Imazapic. Many have found Imazapic to be somewhat successful at reducing
annual grass cover (Baker et al. 2009, Morris, Monaco, and Rigby 2009, Pyke et al. 2014,
Elseroad and Rudd 2011, Owen et al. 2011, Clements et al. 2017). While many agree on
the effectiveness of Imazapic in reducing annual plant cover, it’s effect on non-target
plants is less clear. Baker et al. (2009) specifically noted a decline in native forb
frequency that matched that of cheatgrass and suggested that targeted applications of
Imazapic on monoculture stands of cheatgrass or earlier applications of Imazapic may
reduce this adverse effect on native forbs. Owen et al. 2011 were less certain of the
effectiveness of Imazapic to reduce cheatgrass cover, their results suggested highly
variable outcomes. However, they noted the same uncertainty with Imazapic’s impact
on native species. Morris, Monaco, and Rigby (2009) found that Imazapic helped
establish desirable species, however, they noted that if reduction of cheatgrass was not
below a critical threshold, favorable precipitation would allow cheatgrass to return to
pretreatment levels within two years. This idea was also supported by Pekas et al.’s
(2010) seed bank study on Imazapic’s effect on population-level seed production. They
found that Imazapic did not reduce cheatgrass seed density, suggesting that cheatgrass
has an ability to produce extra seed at low plant densities (Pekas et al. 2010). Pyke et al.
2014 saw clear evidence of Imazapic’s ability to reduce cheatgrass cover, by as much as
63% by year three. However, they also cautioned its use because it can impact nontarget plants even at low levels. Elseroad and Rudd (2011) noted a consistent reduction
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in cheatgrass frequencies in Imazapic treated sites; however, in this case, it was the
desirable species that had varying responses to the treatment. Even with some
desirable perennial species faring better than others after Imazapic application, Elseroad
and Rudd (2011) suggested that short-term reductions in cheatgrass abundance alone
may not be an effective strategy to increase the abundance of desired perennial plants.
Kyser et al. 2013 compared the effect of various herbicides on reducing annual grasses
while maintaining native forb cover. They found that using Imazapic maximized annual
plant cover reduction while maintaining the most non-target forb cover compared to
other herbicides. One study found Imazapic to fulfill its role by reducing cheatgrass
cover by 95% while allowing for the establishment of seeded species germination and
growth (Clements et al. 2017). Considering that most of the literature reported variable
success rates with desirable species when using Imazapic, Clenet et al. 2020, tested
Herbicide Protection Pods’ (HPP’s) effectiveness at protecting desirable seed from the
herbicide to facilitate growth once cheatgrass densities were reduced later. They
confirmed that HPP’s can be used to assist bunchgrass and sagebrush seedling
establishment in areas where Imazapic was applied by extending the window of their
establishment.
Herbicide: Indaziflam (Esplanade®)
There is new interest in the herbicide Indaziflam (Esplanade) and its ability to
control cheatgrass by targeting germinating seeds without impacting established
species. One 2016 study explicitly compared Imazapic (Plateau) to Indaziflam
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(Esplanade); they found the latter to be more effective (Sebastian, Nissen, and De Souza
Rodrigues 2016). Indaziflam’s ability to control cheatgrass, thereby increasing perennial
species competitive ability, was also confirmed by both Clark et al. (2019) and Sebastian
et al. (2017). It has been noted that Indaziflam is equally effective at aiding the
reestablishment of desirable perennial species, whether those species were seeded or
already present as part of the remnant plant community or seed bank (Clark et al. 2020).
Indaziflam has the ability to control Bromus tectorum, but its efficacy extends to other
relatively new annual invasive species like Medusa head wild-rye Ventenata (Ventenata
dubia) (Sebastian, Nissen, and De Souza Rodrigues 2016). Lastly, Clenet et al. (2019)
confirmed that Indazaflam can also be used in conjunction with Herbicide protection
pods (HPP’s) to simultaneously apply both the herbicide and the native grass and shrub
seed.
Herbicide: Glyphosate (Roundup®)
Nonselective herbicides can be used in a rangeland setting when non-target
species are not present or dormant and will not be negatively affected. Nonselective
herbicides can also be applied at reduced rates during early growing seasons of target
species; this weakens the target species while allowing non-target species, a chance to
establish later under reduced competition. Glyphosate, a nonselective herbicide, has
shown some utility in controlling cheatgrass in a post-fire rangeland setting. Morris et
al. (2016) tested Glyphosate’s ability to control cheatgrass, they found spring
applications of glyphosate alone reduced cheatgrass cover from 45% to 10% without

15
negatively affecting perennial grass cover, suggesting that spring application Glyphosate
may provide an alternative approach for land managers. Clark et al. (2020) performed
field trials with indaziflam, imazapic, and glyphosate used in different combinations
together to obtain PRE and POST control of germinating cheatgrass. They found that
the indaziflam and glyphosate mixture produced the best results when drill seeded.
Successional Treatment Approach
Another approach towards establishing desired perennial vegetation has been to
transition rangelands into different successional states until a desired state is reached (a
multi-part process). Such an approach starts in an area with established invasive
annuals; treatments then transition the area to contain more competitive introduced
species that stabilize the fire cycle and create better conditions for future transitions to
native perennial vegetation (Davies et al. 2013, Eisworth et al. 2009). Transitioning
habitats will take more time; however conditions in crested wheatgrass habitats may
serve similar functions for wildlife habitat, nutrient cycling, and watershed protection
(Eisworth et al. 2009). Cox et al. (2004) evaluated successional treatments and noted
that native grasses and shrubs emerged in greater numbers on treatments established
on a crested wheatgrass matrix than on those established on a cheatgrass matrix (Cox et
al. 2004). Building on Cox et al.’s findings Gunnel et al. (2010) studied specific native
shrub and grass species responses while growing in synchrony with crested wheatgrass.
They discovered that (of the species compared in the study) native grasses established
more with crested wheatgrass than did native shrubs under similar competitive
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conditions. However, Gunnel et al. (2010) conceded that persistence of those native
grasses was not as high as persistence of the sagebrush that was able to establish.
Caution is advised when attempting any multi-part transition to native vegetation, as
environmental conditions can limit native seed germination allowing cheatgrass to
reenter the system (Hulet et al. 2010).
Retreatment of Failed Revegetation Attempts
A method not yet fully practiced by land managers, but cited as a possible tool
available to them, is the retreatment of projects that have failed to establish perennials
species and/or limit annual establishment. Sadly, projects that failed to establish target
species are a common occurrence due to the complex nature of predicting conditions in
sagebrush steppe rangelands. Fehmi et al. 2014 measured these expected failure rates
across many projects and determined that establishment of seeded species could be
expected to fail in 32 % of years. Many have called for funding of revegetation projects
to be made available following treatment if timing and amount of precipitation is
inadequate to provide establishment of seeded specie in the first year of treatment
(Fehmi et al. 2014 and Knutson et al. 2014). Another rationale behind performing
supplementary treatments is to support the emphasis placed on establishing native
species. Davies et al. (2015) found that introduced species, more than their native
counterparts, were more likely to establish after medusahead wildrye (taeniatherum
caput-medusae) control. They inferred that repetitive sowing of native species might be
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necessary to maintain exclusion of medusahead in future projects, if using only native
species in a project is the goal.
How Funding Availability Influences Seeding Projects
Funding availability has shaped restoration practices and philosophies. Various
papers have called for funding to be made available for multiple years after a fire,
instead of just the first year following the fire (Fehmi et al. 2014; Knutson et al. 2014).
Giving land managers adequate time to consider the variables influencing treatment
outcomes will increase the detail and quality of post-fire revegetation plans. Copeland
et al. (2018) supported this idea by pointing out how forecasts of wet and dry years
have improved in accuracy and will certainly help managers take advantage of ideal
climatic conditions. Extending funding availability allows managers to perform
retreatments of already completed projects, especially if environmental factors around
the time of treatment were not favorable and establishment goals were not met. Aside
from funding timing, multiple articles have also called for increased budgets associated
with post-fire revegetation, especially considering the vast area now affected by
cheatgrass in the great basin (Epanchin-Niell, Englin, and Nalle 2009). Lastly, proper
monitoring of treatment areas through time will also require larger budgets and has
been a setback to many projects (Kulpa 2010).
Ecosystem Resistance and Resilience
Chambers et al. 2014 define resilience as the capacity of an ecosystem to regain
its fundamental structure, processes, and functioning when altered by stressors. They
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define resistance as the capacity of an ecosystem to retain its fundamental structure,
processes, and functioning despite stressors (Chambers, Jeanne C., Richard F. Miller, et
al. 2014). A sagebrush ecosystems’ resistance and resilience to disturbance and
cheatgrass directly impacts treatment outcomes. The abiotic conditions at restoration
sites influence treatment outcomes. Resistance and Resilience (R&R) concepts
encapsulate abiotic factors such as soil temperature and moisture regimes) and may be
useful to managers when planning post-fire restoration. Using R&R concepts may help
fine tune management approaches meant to conserve sagebrush ecosystems and
promote self-sustaining vegetation communities (Chambers, Jeanne C., David A. Pyke, et
al. 2014., 2016, 2017; Maestas et al. 2016; Baughman et al. 2019).
Areas with higher percentages of annual grasses and forbs before fires and
treatments occur result in more cheatgrass cover (Shinneman and Baker 2009).
Knowing conditions before fires occur prioritizes activities such as monitoring and then
using the data to manage adaptively while deciding on final treatment plans.
Treatments that are performed in areas with greater natural R&R will have a higher
likelihood of success and prevent transitions to alternative states dominated by invasive
annuals species (Beyers, Pyke, and Wirth 2015, Pyke et al. 2014).
Seed Zones
Caution must be taken when transferring new plant materials or seeds after fire.
Transferring seed from distant areas can impede long-term adaptation to new
conditions and interfere with ongoing natural selection within the restoration site
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(Ledger 2008). Seed zones are one strategy developed by managers in an attempt to
counteract this interference. Seed zones provide managers with guidance on where
seed materials could be transferred while minimizing effects of maladaptation (Bower et
al. 2014). Local adaptation to climate within seed zones can significantly affect the
successful establishment of seeded species in a given project (Baughman et al. 2019,
Johnson et al. 2012). One such effect was explicitly measured by Bischoff et al. (2006),
who confirmed that differences in germination rates were directly linked to seed
province/zone. While seed zones provide a good starting point for managers,
knowledge of microsite conditions in the target area should also be considered, as they
influence the establishment of seeded species (Bower et al. 2014).
Seed and Plant Traits
Understanding the interactions between seeds and their environment can help
managers plan restoration treatments. Several desirable plant traits can be passed to
future cohorts and increase the likelihood of successful restoration projects. These
traits are usually associated with higher seedling establishment under Bromus tectorum
competition as well as high levels of water acquisition from adult plants (Ferguson et al.
2012). Seedling establishment under cheatgrass interference is more likely to occur
when seed sources with favorable combinations of root traits have been selected by
managers (Atwater et al. 2015). Root functional traits relating to seedling establishment
include root length, root diameter, root fork number, and root-to-shoot ratio (Rowe &
Leger 2011, Atwater et al. 2015). In addition to physical traits, plant phenology has had
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an effect on rates of establishment. Goergen et al. (2011), found that plants from
invaded populations consistently had earlier phenology than those from uninvaded
populations. Seed size may also affect establishment, Bernard et al. (2007) found that
seedlings from rubber rabbitbrush seeds (Ericameria nauseosa) performed better (were
larger at emergence, remained larger through time, and lived longer) than seedlings
from smaller seeds of the same species (Bernard et al. 2007). These findings further
support the idea that a variety of plant traits can influence establishment of seeded
species, and planning in coordination with those traits can improve success.
Seeding Rate
Seeding projects are expensive, to avoid waste, care should be taken when
deciding seeding rates. Deciding on appropriate seeding rates for a restoration project
can be difficult, as inappropriate seeding rates can lead to competition between the
seeded species or species already at the site and can alter outcomes of what could have
been a successful project. One example of direct competition was discovered by Hild et
al. 2006, who found that the canopy growth of individual sagebrush plants was the
lowest in treatment areas with the highest grass seeding rate. They prescribed reduced
grass seeding rates to improve the establishment of Wyoming big sagebrush (Hild et al.
2006).
Knowing functional group responses to varying seeding rates applies to land
managers. Eiswerth et al. 2009 found that increased seeding rates for introduced
perennial grasses, crested wheatgrass and Siberian wheatgrass (Agropyron fragile (Roth)
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P. Candargy) did not result in increased densities of adult plants. They apprised
managers to consider pre-fire conditions of the site, as they discovered that once annual
grasses dominated an area, much more effort was required to establish perennial
grasses and shrubs (Eiswerth et al. 2009). They did, however, find that increasing
seeding rates of introduced forbs including alfalfa (Medicago sativa (L.)), forage kochia
(Bassia prostrata (L.) A.J. Scott), and sainfoin (Onobrychis viciaefolia (Scopoli))) produced
higher established densities.
Seed Mixes
The level of species diversity in seed mixes is a contested topic among
restoration professionals. Thompson et al. (2006) compared different seed mixes,
applied in consistent ways. They found that on drill-seeded plots and by the third year
after seeding, high-diversity seed mixes had greater species cover than low-diversity
mixes. Davies et al. (2014) found conflicting results when they measured the impact
seed mix diversity had on the goals of increasing herbaceous vegetation and/or
decreasing exotic annual dominance. They found that simply seeding dominant species
was more effective than seeding a diverse mix (Davies et al. 2014). Seed mixes should
be considered along with seeding methods used in post-fire revegetation.
Research Objectives
The West Box Elder Coordinated Resource Management Group (WBECRM) has
expressed concern regarding the difficult process of determining outcomes from past
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post-fire revegetation projects undertaken in Box Elder County, Utah. Several fires have
burned within the county over the past 30 years, including the Goose Creek fire in 2018,
one of the largest recorded fires in the county to that date. With so much management
attention required each fire season a limited amount of time and funding are available
to monitor treatment sites and perform assessments of treatment outcomes, primarily
through long-term trend studies. This has made drawing accurate conclusions about
treatment success and outcomes difficult. This research was designed to evaluate the
post-fire treatment history of the county to help inform managers about the outcomes
from post-fire restoration management activities. My research question was to
determine the outcomes of post-fire rehabilitation efforts across West Box Elder
County, Utah to determine if treatments decreased annual cover while increasing
perennial grasses, forbs, and shrubs.
Chapter 2 evaluates all post-fire treatments and associated outcomes
undertaken in the West Box Elder Area. Chapter 3 compiled applicable literature into a
database to assist land managers with their own preparation for new projects. Chapter
2 was written following “Range Ecology and Management” journal formatting
guidelines.
Research Questions
1.

Determine the outcomes of post-fire rehabilitation efforts across West

Box Elder County, Utah.
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2.

Determine if treatments decreased annual cover while increasing

perennial grass, perennial forbs, and shrubs.
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CHAPTER 2
A REMOTELY SENSED ANALYSES OF POST-FIRE REVEGETATION OUTCOMES ON
RANGELANDS OF WEST BOX ELDER COUNTY, UTAH.
Abstract
A complete treatment history of West Box Elder County was compiled from
various databases and treatment records spanning years 1999-2020. Unique post-fire
treatments based on location, time of treatment, and treatment type were identified
and compiled for the study area. Treatment outcomes were assessed using the
Rangeland analysis platform (RAP). The RAP tool was used to evaluate how burned
areas responded to treatment by examining functional group cover estimates preceding
and succeeding treatments. An effect size analysis was performed to compare
treatment outcomes using the RAP tool across the varying treatment scenario groupings
and resistance & resilience rankings within the study area. In general, these three cover
classes varied in their responses to different treatments. Overall, mild successes in
perennial establishment occurred across treatment types. Annual cover increased or
was more closely dependent on pretreatment levels than treatment type. My results
also indicate that time to recovery after fire may be longer than 15-years, especially
when evaluating shrub response to post-fire treatments. My analysis reemphasized
that, annual, perennial, and shrub responses to treatments are highly variable and
depend on many factors besides treatment method and R&R classification alone. These
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results can be used to help inform rangeland practitioners about the outcomes of postfire restoration efforts.
Introduction
The West Box Elder Coordinated Resource Management Group (WBECRM) has
expressed concern regarding the difficult process of determining outcomes from past
post-fire revegetation projects undertaken in Box Elder County, Utah. Several fires have
burned within the county over the past 30 years, including the Goose Creek fire in 2018,
one of the largest recorded fires in the county to that date. With so much management
attention required each fire season, a limited amount of time and funding are available
to monitor treatment sites and perform assessments of treatment outcomes, especially
through long-term trend studies. This has made drawing accurate conclusions about
treatment success and outcomes difficult. This research was designed to evaluate the
post-fire treatment history of the county to help inform managers about the outcomes
of post-fire restoration management activities. My research question was to determine
the outcomes of post-fire rehabilitation efforts across West Box Elder County, Utah, to
determine if treatments decreased annual cover while increasing the cover of perennial
grasses/forbs and shrubs.
Research Questions
1.

Determine the outcomes of post-fire rehabilitation efforts across West

Box Elder County, Utah.
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2.

Determine if treatments decreased annual cover while increasing

perennial grass, perennial forbs, and shrubs.
Methods
Study Area
Box Elder County sits in the northwest corner of Utah, adjacent to southcentral
Idaho and northeastern Nevada. The county is approximately 17,430 square kilometers,
making it the fourth largest county in Utah. This study focuses on the less populated
western portion of the county. The most common land uses in the area include
ranching, farming, and recreation. The extent of my study area spans from the UtahNevada-Idaho tri-state junction near the city of Grouse Creek, Utah, south as far as the
Pilot Mountain range and northeast past the Hog-up Mountain range as far as the city of
Snowville, Utah (Figure 2. 1).
The U.S Department of the interior’s Bureau of Land Management (BLM) is the
primary public landowner in the study area owning 846,301 acres. The state of Utah’s
School and Institutional Trust Lands Administration (SITLA) owns 178,273 acres.
Privately owned land makes up the largest portion of the study area at 982,911 acres.
Other state agencies such the Utah Division of Wildlife Resources and the Utah
Department of Agriculture and Food’s Grazing Improvement Program have a vested
interest in the outcomes of post-fire treatments in the study area.
Plant communities within the study area are correlated to the elevation, aspect,
and soil type of the landscape. The lowest portions of the study area start near the salt
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marshes/flats adjacent to the Great Salt Lake at 1,300 meters elevation and are
considered salt desert shrublands. Atriplex and Chenopodium shrub species dominate
these areas, including Atriplex canescens, Atriplex confertifolia, Bassia americana,
Grayia spinosa, Picrothamnus desertorum, and Sarcobatus vermiculatus. Grass and forb
communities vary greatly within the salt desert shrublands across the study area but
commonly include, Sporobolus airoides, Distichilis spicata, Allium spp., Delphinium spp.,
Castilleja spp., Astragalus spp., Sphaeralcea spp., and Phlox spp. Moving upslope out of
the salt desert shrublands, Artemisia shrub species begin to dominate the landscape.
These shrubs start in moderate elevations with Artemisia tridentata ssp. Wyomingensis
and graduate to Artemisia tridentata ssp. vaseyana in the higher mountain elevations.
Artemisia nova is also common on steep sloped sites with shallow soils. Various other
non-Artemisia shrub species are also present in these sagebrush steppe communities,
including Amelanchier spp., Chrysothamnus spp., Ephedra spp., Ericameria nauseosa,
Gutierrezia sarothrae, Purshia tridentata, and Symphoricarpos spp. Grass community
diversity across the entire study area varies significantly but commonly includes
Achnatherum hymenoides, Agropyron cristatum, Elymus elymoides, Hesperostipa
comata, Pascopyrum smithii, Poa secunda, Pseudoroegneria spicata, Vulpia octoflora.
Forb community diversity varies to an even higher degree than that of the grasses,
however common species encountered include Achillea millefolium, Allium spp.,
Astragalus spp., Balsamorhiza spp., Castilleja spp., Crepis spp.,Cryptantha spp.,
Cymopterus spp., Erigeron spp., Eriogonum spp., Oenthera spp., Packera
spp.,Penstemon spp., Phlox spp., Physaria spp., Sphaeralcea spp., and Toxicoscordion

33
spp. Pinyon (Pinus spp.) and Juniper (Juniperus spp.) woodlands are also common at
moderate elevations especially in the foothills of each of the mountain ranges in the
study area. The highest elevation sites on the mountain ranges included in the study
area boundary are classified as montane forests and have a variety of species, however
post-fire restoration efforts of rangelands which are the focus of this study do not reach
these higher elevations. Current plant community conditions across the study area have
been shaped by historical land use, including historic grazing as well as railroad and
water development, assisting with the establishment of many exotic species most
notably of which, the annual grass: Bromus tectorum (Cheatgrass).
Experimental Design
This project examines the post-fire treatment history in the study area as far
back as available spatial data from agency records allow. Post-fire treatment history
records with geospatial information were available from 1999-2019. Reliance on the
assumed accuracy and comprehensiveness of these treatment records is one of the
limitations faced by this study. See Figure 2.3 for a comprehensive treatment perimeter
map.
To improve understanding of Box Elder Counties’ post-fire treatment history, I
combined various treatment datasets to create my own more complete dataset of
treatment perimeters in the region. Three data sources were used to compile a more
thorough dataset of post-fire treatments. These included BLM’s emergency stabilization
and rehabilitation dataset (ESR), treatment files from the Watershed Restoration
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Initiative website, and a handful of yet to be published shapefiles received from BLM
employees in the Salt Lake field office. All treatment perimeters were merged into one
dataset using ArcGIS's merge and export tools. The three treatment data sources did
contain some inconsistencies with shapefile configuration and precision. This may have
been because some treatment events contained updated GPS location data where
heavy equipment or aerial vehicles passed over the landscape, while other events only
contained the original “planned” area of interest based off of aerial imagery before the
treatment occurred and where never updated after the fact. Whenever possible, the
less detailed treatment polygons were avoided and replaced with the most detailed
shapefile available. In the compiled treatment dataset the attributes maintained along
with each shapefile and location were; the treatment name, treatment type/method,
associated fire, year, and number of acres treated.
To reduce confounding effects and increase the quality of the assessment of
treatment outcomes, I generated “Unique Treatment Polygons” from the compiled
treatment dataset. Unique treatment polygons (UTP’s) are areas that have the same
fire/treatment history. For example, a UTP may contain one fire and one treatment or
two fires each with subsequent treatments. This was done to prevent previous post-fire
treatments from interfering with my assessment of the outcomes of a different
treatment. To clarify further, if treatment one from year ‘AA and treatment two from
year ‘BB overlapped, the double-treated area was isolated and sampled as a separate
UTP made up of treatment one ‘AA and two ‘BB. All remotely sensed methods and
analyses were performed within these UTP’s.
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Treatment scenario groups were used to lump UTP’s together into like categories
to facilitate comparison of general treatment methods after sampling was performed.
Treatment scenario groups describe the many different combinations of treatment
events that have occurred in the study area. For example, a treatment scenario could
be an area that received a single event of an aerial seeding and chaining following a fire
in year ‘AA. Treatment scenarios can also include multiple events such as, an aerial
seeding and chaining in year ‘AA and a drill seeding in year ‘BB. Including scenarios with
multiple treatment events has required more time and resources to study, however
increasing understanding of how previously treated landscapes react to further
treatments will be valuable as West Box Elder County may continue to experience fires
occurring in past treatment areas.
Resistance and Resilience Dataset (R&R)
The US Department of Agriculture Natural Resources Conservation Service
(NRCS) produced a collaborative partnership program titled the Sage-Grouse Initiative
(SGI). The SGI produced various maps pertinent to sage-grouse habitat conservation by
measuring the resistance and resilience (R&R) of that habitat to Bromus tectorum
invasion. Specifically, this dataset ranks western rangelands into three categories, high,
medium, and low, based on their R&R category. This R&R raster dataset was
downloaded and clipped to the project study area using the clip raster tool in ArcGIS
Pro. This R&R data was referenced various times to help improve understanding of
abiotic and biotic factors and general conditions that may have influenced fire history
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and treatment outcomes. Using the R&R framework is a common practice across
restoration literature (Chambers et al. 2014, Chambers et al. 2016, Chambers et al.
2017, Maestas et al. 2016).
Rangeland Analysis Platform Data (RAP)
The Rangeland Analysis Platform (RAP) was created in collaboration with the
USDA’s Natural Resources Conservation Service, the DOI’s Bureau of Land Management,
and the University of Montana (RAP Factsheet). The RAP tool provides historical (1984
to present) vegetation cover maps annually for western U.S. rangelands. The maps
provide percent cover estimates of annual forbs and grasses (AFG), perennial forbs and
grasses (PFG), shrubs (SHR), trees (TREE), and bare ground (BG) at 30x30 meter
resolution (RAP Factsheet). The RAP tool provides land managers the ability to monitor
rangelands across time and space, by combining the remote-sensing technology with
satellite imagery archives (RAP Factsheet). The RAP tool is the first-ever allencompassing view of millions of acres of rangelands (RAP Factsheet). These estimates
of vegetation cover make it possible to assess changes in functional group cover and
track transitions to alternative vegetation states following disturbances. The RAP tool is
the essential piece to the remote sensing methods used to assess treatment outcomes
for this project. Using the RAP tool is a common practice across restoration literature
especially in recent years (Allred et al. 2021, Jones et al. 2018, Smith et al. 2021)
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Species Functional Groups
Where appropriate, I used broad functional groups to classify species within
collected data. These broad functional groups include annual forbs and grasses (AFG),
perennial forbs and grasses (PFG), and shrubs (SHR). These functional groups
correspond with the RAP tools generated outputs.
Statistical Analyses for Remotely Sensed RAP Data
An effect size analysis was performed to compare treatment outcomes on cover
across treatment type and R&R ranking. An effect size analysis is commonly used to
compare treatment outcomes which had varying treatment methods, times, conditions,
and locations of treatments. Pre-treatment vegetation conditions were compared to
post-treatment vegetation conditions for each treatment scenario. I evaluated the
treatment responses of annual forbs and grasses, perennial forbs and grasses, and
shrubs by performing three effect size analyses. Each effect size analysis was performed
in R studio using a variety of statistical tools included in the “metafor” package created
by Wolfgang Viechtbauer (Viechtbauer 2010). The first step for each of the 3 analyses
was to generate effect sizes/observed outcomes (yi) and their corresponding estimated
sampling variances (vi), for each unique treatment. This was done by using the “escalc”
function within the metafor package, utilizing the option of “ROM” for the log
transformed “ratio of means” (Hedges et al., 1999; Lajeunesse, 2011). The second step
in R studio for each of the five analyses utilized the “rma.mv” function which, as
outlined in the function’s description, is used to fit meta-analytic multivariate/multilevel
fixed- and random/mixed-effects models with or without moderators via linear (mixed-
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effects) models (Viechtbauer 2010). For my purposes I utilized the rma.mv function
while running the “restricted maximum-likelihood” (REML) method. I utilized the builtin option within the rma.mv function to subset all treatments within my dataset by their
treatment scenario groups (TSG). I was then able to add another optional argument
which added three modifiers to my model: the three R&R rankings of each treatment
(High, Med, Low). Setting up the model in this way produced effect sizes (as a mean
estimate with upper and lower 95% confidence intervals) for each treatment, subset by
TSG, and modified by R&R ranking. Across the study area nine TSG/RR scenarios had
taken place and all were examined within the effect size analysis: Aerial Seed Only in
Low RR, Aerial Seed Only in Med RR, Aerial Seed Only in High RR, Drill Seed Only in Low
RR, Drill Seed Only in High RR, Aerial Seed and Drill Seed in Low RR, Aerial Seed and
Chain in Low RR, Aerial Seed and Chain in Med RR, and Aerial Seed and Chain in High RR.
The overall effect for each of the TSG’s was also calculated along with a grand overall
effect of all treatments.
Results
Effect size analyses were performed to measure responses of annual forb/grass
cover, perennial forb/grass cover, and shrub cover for each treatment type. Additional
effect size analysis modifiers examined how resistance and resilience (R&R) factors
affected cover value trends within each treatment scenario (Figures 2.4-2.6).
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Annual Forb/Grass Cover
Aerially seeded only areas showed significant positive overall effects on annual
cover. (Figure 2. 4) Aerially seeded only projects took place in all three R&R categories.
Areas with medium and high R&R saw the greatest positive annual cover change, while
low R&R areas experienced neutral effects. Results for drill-seeded only areas showed
overall neutral effects on annual cover post-treatment. Drill seeding projects only took
place in high and low R&R areas, each of which experienced neutral effects on annual
cover. Aerially and drill-seeded areas had neutral overall effects on annual cover. All
aerially seeded and drilled projects took place in low R&R areas; there were no
instances of aerially and drill-seeded projects occurring in high or medium R&R areas.
Results for aerially seeded and chained projects showed positive overall effects on
annual cover. Aerially seeded and chained projects took place in all three R&R
categories. Low R&R areas showed a clear positive effect on cover while medium and
high were neutral (Figure 2. 4).
Perennial Forb/Grass Cover
Results for aerially seeded only areas showed positive overall effects on
perennial cover (Figure 2. 5). Aerially seeded only projects took place in all three R&R
categories. Areas with low R&R saw the highest annual cover change, although medium
and high still experienced positive effects. Results for drill-seeded only areas showed
positive overall effects on perennial cover post-treatment. Drill seeding projects took
place in high and low R&R areas only. Low R&R areas experienced positive effects on
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perennial cover, while High R&R areas had neutral effects. Results for aerially and drillseeded areas showed positive overall effects on perennial cover post-treatment. All
aerially and drilled projects took place in low R&R areas; there were no instances of
aerially and drill-seeded projects occurring in high or medium R&R areas. Results for
aerially seeded and chained projects showed positive overall effects on perennial cover
post-treatment. Aerially seeded and chained projects took place in all three R&R
categories. Low and high R&R areas showed positive effects on perennial cover, while
medium R&R areas had neutral effects (Figure 2. 5).
Shrub Cover
Results for aerially seeded only areas showed significant negative overall effects
on shrub cover (Figure 2. 6). Aerially seeded only projects took place in all three R&R
categories. Areas with low and high R&R saw neutral effects while medium R&R areas
had a negative overall effect. Results for drill-seeded only areas showed negative
overall effects on shrub cover post-treatment. Drill seeding projects took place in high
and low R&R areas only. Low R&R areas experienced negative effects on shrub cover,
while High R&R areas had neutral effects. Aerially and drill-seeded areas had neutral
overall effects on shrub cover. All aerially seeded and drilled projects took place in low
R&R areas; there were no instances of aerially and drill-seeded projects occurring in
high or medium R&R areas. Results for aerially seeded and chained projects showed
overall neutral effects on perennial cover post-treatment. Aerially seeded and chained

41
projects took place in all three R&R categories, all of which had neutral effects on shrub
cover (Figure 2.6).
Discussion
The results of the various effect size analyses showed no consistent pattern of a
treatment type/R&R ranking combination resulting in increases of shrub cover or
reductions in annual cover. However, overall, perennial cover increased for most
treatment types. In general, treatment outcomes were variable across the study area.
As others have suggested, post-fire treatments have had mixed success on preventing
the establishment of annual invasive species like cheatgrass (Beyers 2004, Clements et
al. 2017, Eiswerth et al. 2009, Eiswerth et al. 2006, Ferguson 2012, Pyke et al. 2014, Pyke
et al. 2013, Svejcar et al. 2017). In West Box Elder County, across all treatment types,
pre-burn conditions may have set the ceiling for the recovery of an area, at best many
treatment efforts only returned annual cover to pre-burn levels. Increases in perennial
cover did occur, however negative to neutral outcomes for shrub recovery were
consistently found across the treatment types.
Results showed that annual forb/grass cover trends in burned areas were
maintained or even increased despite treatment efforts; no post-fire treatment method
reduced annual forb/grass cover compared to pre-burn levels (Figure 2. 4). Aerially
seeded areas showed a positive overall effect on annual cover post-treatment. Beyers
et al. (2015) reported comparable results when they noted aerial only seedings were
more problematic when attempting to reduce annual species cover. Ott et al. (2003)
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noted that cheatgrass densities were higher in aerially seeded treatments, compared to
chained treatments. Considering R&R factors helped improve understanding of annual
forb and grass cover responses to treatment. Aerial only seeding projects that took
place in medium and high R&R areas experienced positive effects, compared to low R&R
areas that had a neutral effect on annual cover. Actual value analyses revealed that in
this case, changes in annual cover in those low R&R areas remained closer to pretreatment levels because annuals had already been established at treatment sites,
ranging anywhere from 15 to 35 percent cover (Table 2.1). While effect size analysis
results in low R&R areas appeared to limit annual cover expansion, this may have only
been the case because annuals had already been a dominate part of the landscape,
therefore a minimal change in annual grass cover was observed through the analysis.
Drill-seeded treatments showed no change in cover of annuals post-treatment. Jessop
et al. (2007) noted that drill seeding species reduced annual grass densities. Knutson et
al. (2014) also found that cover of undesirable, non-native annual grasses was lower in
drill-seeded areas relative to unseeded areas, but only at higher elevations. Pierson et
al. (2007) and Brabec et al. (2015) found that drill-seeded areas returned to previous
levels or remained in a cheatgrass-dominated state. Aerially and drill-seeded areas
showed no change in annual cover post-treatment. These results are similar to Knutson
et al.’s (2014) finding that aerial seeding combined with drill seeding was a viable option
to promote or at least maintain vegetative cover and combat cheatgrass. Kulpa et al.
(2012) evaluated treatments in areas that received aerial and drill seedings, they found
the method to be an effective way to distribute seed but noted that other factors such
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as site aspect and pre-treatment condition, may have played a stronger role in
treatment success over the treatment method. Aerially seeded and chained projects
showed an overall increase in annual cover following treatments.
Results differ from those found by Ott et al. (2003), who noted that aerially
seeded and chained areas suppressed cheatgrass in their project areas. Understanding
of my results improved when R&R factors were considered. Medium and high R&R
areas that were aerially seeded and chained consistently had neutral effects on
cheatgrass while low R&R areas experienced an increase of annuals. Cover data showed
that low R&R areas had higher pretreatment annual cover percentages compared to
medium and high R&R areas (Table 2.1). It appears that chaining in Low R&R areas with
high pre-treatment cover of annuals (15-20% and higher) promoted even more annual
species growth, as high as 34% (Table 2.1). Chaining projects may need to be
reconsidered in Low R&R areas when pre-treatment levels of annuals are abundant.
Post-fire treatments resulted in modest increases in perennial cover through
time. Aerially seeded areas showed a positive overall effect on perennial cover posttreatment (Figure 2. 5). Kyser et al. (2013) found broadcast seeding did not successfully
establish perennial species, especially in below average precipitation years. In general,
aerial seedings are considered less effective at restoring degraded rangelands when
compared to drill seedings (Clary 1988). When R&R factors were considered, perennial
forb/grass responses in low, medium, and high R&R areas experienced consistent
positive changes, as high as 13 % increase 12 years after the treatment (Table 2.1). Drillseeded areas showed a positive overall change in perennial cover. Beyers et al. (2015),
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Jessop et al. (2007), and Knutson et al. (2014) found perennial establishment did occur
(at varying degrees of success) within drill seeding treatments. Clements et al. (2017)
noted that seeded plots increased in perennial species, especially introduced perennial
grass species. When measuring understory responses to post-fire treatments in sagegrouse habitat Arkle et al. (2014) found that half of the sites studied had enough
perennial grass to meet guidelines for sage-grouse habitat (15-25% cover). However,
Pierson et al. (2007), observed a variety of drill-seeded projects that failed to enhance
native perennial species. They found that soon after drilling, all sites returned to or
remained in an annual dominated state (Pierson et al. 2007). Drill seeding could
increase ground disturbance, allowing cheatgrass to compete for limited resources once
again in seeded plots (Brabec et al. 2015). Understanding the results from drill-seeded
areas improved when R&R factors were considered. Drill seeding occurred in low and
High R&R areas only, of which only low showed a positive change (high R&R areas had a
neutral effect on perennial cover). Aerially and drill-seeded projects showed a positive
overall change in perennial cover. Wirth et al. (2009) noted that changes in perennial
plant cover measurements were very small the first three years after treatments.
Aerially and drill-seeded projects only took place in low R&R areas. Aerially seeded and
chained projects showed an overall positive effect on perennial cover. Others have
found that two years after treatment, seeded perennial grasses dominated the chained
treatment areas of their study (Ott et al. 2003). Thompson et al. (2006) and Miller et al.
(2012) also reported positive perennial cover responses from aerial seeding and
chaining projects, ranging from one to three years after treatment, however long-term
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trends were not measured. When R&R factors were considered, aerially seeding and
chaining in medium R&R areas showed no effect, while chaining in Low and High R&R
areas showed a significant positive effect on perennial cover.
Restoring shrub cover in burned areas has resulted in less success, at least in the
timelines of this study. Aerially seeded areas showed a negative overall effect on shrub
cover post-treatment (Figure 2.6) meaning shrub cover did not increase following aerial
seedings. Some have noted that aerially seeded shrubs failed to establish in the first
few years after treatment, however, longer-term recovery in these cases was not
measured (Pierson et al. 2007). When R&R factors were considered on aerially seeded
only projects, medium R&R areas showed negative effects while low and high areas had
neutral effects. Drill-seeded treatments showed an overall negative effect on shrub
cover post-treatment. Owen et al. (2011) found drill seeding shrubs did not significantly
increase shrub density two years after treatment. When R&R factors were considered,
low R&R areas had a negative response while high R&R areas had neutral effects (Drill
seeding treatments only occurred in low and high R&R areas). Aerially and drill-seeded
projects showed neutral overall changes in perennial cover. Knutson et al. (2014) found
that aerially seeded Artemisia tridentata seed which was seeded over drilled areas did
not increase shrub cover or density. Kulpa et al. (2012) found that seeded shrubs
decreased over time after treatment. Aerially and drill-seeded projects only took place
in low R&R areas, so differences in R&R ranking could not be examined. Aerially seeded
and chained projects showed an overall neutral effect on shrub cover. When R&R
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factors were considered, aerially seeding and chaining in all three R&R ranking produced
neutral effects on shrub cover.
Implications
The outcomes from the different post-fire restoration methods used in West Box
Elder County are variable. My analysis did not produce evidence suggesting one
treatment method was superior in all cases. Mild successes in perennial establishment
occurred across all treatment types. Annual cover increased and appeared to be more
dependent on pretreatment levels rather than treatment type. My results also indicate
that time to recovery after fire may be longer than 15-years, especially when evaluating
shrub response to post-fire treatments. My analysis reemphasized that, annual,
perennial, and shrub responses to treatments are highly variable and depend on many
factors besides treatment method and R&R classification alone. Factors influencing
treatment success could include the pre-treatment abiotic and biotic conditions of the
site including plant composition, soil type and health, site aspect, and elevation (Boyd et
al. 2012, Hilty 2004, Jessop 2007, Knutson 2014, Miller 2012, Morris 2009, Shinneman
2009, Thompson 2006). Considering these factors and acknowledging variations in
treatment outcomes emphasizes the importance of avoiding extrapolation of results
from one treatment deemed successful to other potential treatments. The success or
failures of a handful of individual projects should not become the basis for which future
management decisions are made. Instead, examining several occurrences of a
particular treatment can provide a more complete picture of the range of expected
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outcomes. My research can be used to better inform managers when developing
strategies for future treatments, especially when considering the treatment type that
should be used and the R&R factors and classification at proposed restoration sites.
Planning restoration methods to best suit individual projects will require high levels of
collaboration between stakeholders to decide where and how best practices of
treatments should take place.
Literature Cited

Allred, Brady W. et al. 2021. “Improving Landsat Predictions of Rangeland Fractional
Cover with Multitask Learning and Uncertainty.” Methods in Ecology and
Evolution 12(5): 841–49.
Arkle, Robert S. et al. 2014. “Quantifying Restoration Effectiveness Using Multi-Scale
Habitat Models: Implications for Sage-Grouse in the Great Basin.” Ecosphere
5(3): art31.
Beyers, Jan L. 2004. “Postfire Seeding for Erosion Control: Effectiveness and Impacts on
Native Plant Communities.” Conservation Biology 18(4): 947–56.
Beyers, Jan L., David A. Pyke, and Troy Wirth. 2015. Synthesis of Current Knowledge on
Post-Fire Seeding for Soil Stabilization and Invasive Species Control. U.S
Geological Survey. USGS Unnumbered Series.
Boyd, Chad, and Kirk Davies. 2012. “Spatial Variability in Cost and Success of
Revegetation in a Wyoming Big Sagebrush Community.” Environmental
management 50: 441–50.
Brabec, M. M. et al. 2015. “Challenges of Establishing Big Sagebrush (Artemisia
Tridentata) in Rangeland Restoration: Effects of Herbicide, Mowing, WholeCommunity Seeding, and Sagebrush Seed Sources.” Rangeland Ecology &amp;
Management 68(5): 432–35.
Chambers, Jeanne C. et al. 2014. “Resilience and Resistance of Sagebrush Ecosystems:
Implications for State and Transition Models and Management Treatments.”
Rangeland Ecology & Management 67(5): 440–54.
———. 2016. “Using Resilience and Resistance Concepts to Manage Threats to
Sagebrush Ecosystems, Gunnison Sage-Grouse, and Greater Sage-Grouse in Their
Eastern Range: A Strategic Multi-Scale Approach.” Gen. Tech. Rep. RMRS-GTR-

48
356. Fort Collins, CO: U.S. Department of Agriculture, Forest Service, Rocky
Mountain Research Station. 143 p. 356.
———. 2017. “Using Resilience and Resistance Concepts to Manage Persistent Threats
to Sagebrush Ecosystems and Greater Sage-Grouse.” Rangeland Ecology and
Management. 70: 149-164. 70: 149–64.
Clary, W. P. 1988. Plant density and cover response to several seeding techniques
following wildfire. Research Note INT-384. U.S. Department of Agriculture,
Forest Service Intermountain Research Station, Ogden, Utah.
Clements, Charlie D., Daniel N. Harmon, Robert R. Blank, and Mark Weltz. 2017.
“Improving Seeding Success on on Cheatgrass-Infested Rangelands in Northern
Nevada.” Rangelands 39(6): 174–81.
Eiswerth, Mark E., Karl Krauter, Sherman R. Swanson, and Mike Zielinski. 2009. “PostFire Seeding on Wyoming Big Sagebrush Ecological Sites: Regression Analyses of
Seeded Nonnative and Native Species Densities.” Journal of Environmental
Management 90(2): 1320–25.
Eiswerth, Mark E., and J. Scott Shonkwiler. 2006. “Examining Post-Wildfire Reseeding on
Arid Rangeland: A Multivariate Tobit Modelling Approach.” Ecological Modelling
192(1): 286–98.
Ferguson, Scot Douglas. 2012. “Investigations of Physiological and Competitive
Relationships of Elymus Species Related to Establishment in the Great Basin,
USA.” Thesis.
Hedges, Larry, Jessica Gurevitch, and Peter Curtis. 1999. “The Meta-Analysis of
Response Ratios in Experimental Ecology.” Ecology 80: 1150–56.
Hilty, Julie H. et al. 2004. “Recovery of Biological Soil Crusts Following Wildfire in Idaho.”
Rangeland Ecology and Management 57(1): 89–96.
Jessop, Brad D., and Val Jo Anderson. 2007. “Cheatgrass Invasion in Salt Desert
Shrublands: Benefits of Postfire Reclamation.” Rangeland Ecology &
Management 60(3): 235–43.
Jones, Matthew O. et al. 2018. “Innovation in Rangeland Monitoring: Annual, 30 m,
Plant Functional Type Percent Cover Maps for U.S. Rangelands, 1984–2017.”
Ecosphere 9(9): e02430.
Knutson, Kevin C. et al. 2014. “Long-Term Effects of Seeding after Wildfire on Vegetation
in Great Basin Shrubland Ecosystems.” Journal of Applied Ecology 51(5): 1414–
24.
Kulpa, S. M., E. A. Leger, E. K. Espeland, and E. M. Goergen. 2012. “Postfire Seeding and
Plant Community Recovery in the Great Basin.” Rangeland Ecology &
Management 65(2): 171–81.

49
Kyser, Guy B., Robert G. Wilson, Jimin Zhang, and Joseph M. DiTomaso. 2013.
“Herbicide-Assisted Restoration of Great Basin Sagebrush Steppe Infested With
Medusahead and Downy Brome.” Rangeland Ecology and Management 66(5):
588–96.
Lajeunesse, Marc. 2011. “On the Meta-Analysis of Response Ratios for Studies with
Correlated and Multi-Group Designs.” Ecology 92: 2049–55.
Maestas, Jeremy D. et al. 2016. “Tapping Soil Survey Information for Rapid Assessment
of Sagebrush Ecosystem Resilience and Resistance.” Rangelands 38(3): 120–28.
Miller, Mark E., Matthew A. Bowker, Richard L. Reynolds, and Harland L. Goldstein.
2012. “Post-Fire Land Treatments and Wind Erosion – Lessons from the Milford
Flat Fire, UT, USA.” Aeolian Research 7: 29–44.
Morris, Christo, Thomas A. Monaco, and Craig W. Rigby. 2009. “Variable Impacts of
Imazapic Rate on Downy Brome (Bromus Tectorum) and Seeded Species in Two
Rangeland Communities.” Invasive Plant Science and Management 2(2): 110–19.
Ott, Jeffrey E., E. Durant McArthur, and Bruce A. Roundy. 2003. “Vegetation of Chained
and Non-Chained Seedings after Wildfire in Utah.” Journal of Range
Management 56(1): 81–91.
Owen, Suzanne, Carolyn Sieg, and Catherine Gehring. 2011. “Rehabilitating Downy
Brome (Bromus Tectorum)–Invaded Shrublands Using Imazapic and Seeding with
Native Shrubs.” Invasive Plant Science and Management 4: 223–33.
Pierson, Frederick B., Wilbert H. Blackburn, and Steven S. Van Vactor. 2007. “Hydrologic
Impacts of Mechanical Seeding Treatments on Sagebrush Rangelands.”
Rangeland Ecology & Management 60(6): 666–74.
Pyke, David A., Troy A. Wirth, and Jan L. Beyers. 2013. “Does Seeding after Wildfires in
Rangelands Reduce Erosion or Invasive Species?” Restoration Ecology 21(4):
415–21.
Rap Factsheet. Allred, B.W et al. 2021, Improving Landsat predictions of rangeland
fractional cover with multitask learning and uncertainty. Rangeland Analysis
Platform’s vegetation cover product, https://rangelands.app/products/, April
2021.
Shinneman, Douglas J., and William L. Baker. 2009. “Environmental and Climatic
Variables as Potential Drivers of Post-Fire Cover of Cheatgrass (Bromus
Tectorum) in Seeded and Unseeded Semiarid Ecosystems.” International Journal
of Wildland Fire 18(2): 191–202.
Smith, Joseph T. et al. 2021. “Where There’s Smoke, There’s Fuel: Predicting Great Basin
Rangeland Wildfire.” bioRxiv: 2021.06.25.449963.
Svejcar, Tony et al. 2017. “Challenges and Limitations to Native Species Restoration in
the Great Basin, USA.” Plant Ecology 218(1): 81–94.

50
Thompson, Tyler W. et al. 2006. “Fire Rehabilitation Using Native and Introduced
Species: A Landscape Trial.” Rangeland Ecology & Management 59(3): 237–48.
Viechtbauer, Wolfgang. 2010. “Conducting Meta-Analyses in R with the Metafor
Package.” Journal of Statistical Software 36(1): 1–48.
Wirth, Troy A., and David A. Pyke. 2009. Final Report for Emergency Stabilization and
Rehabilitation Treatment Monitoring of the Keeney Pass, Cow Hollow, Double
Mountain, and Farewell Bend Fires. U.S. Geological Survey.

51
Tables
Table 2.1 - Actual values used in the effect size analyses performed for all treatment
scenarios in West Box Elder County from 1999-2019. Mean cover estimates preceding
and following each of these scenarios are included along with their standard errors.
Also included for each scenario is the number of unique treatment polygons and the
number of acres covered.
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Figures

Figure 2.1 - Map of Study Area (outlined in red with black hatching) fit within Box Elder
County (outlined in black) located in the Northwest Corner of Utah.
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Figure 2.2 - Land Ownership across the study area boundary as of 2019. Federal
(yellow), private (gray), and state (blue) owned lands are dispersed across the study
area.
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Figure 2.3 - Treatment perimeter data compiled for the study area in West Box Elder
County, Utah (1999-2019).
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Figure 2.4 - A forest plot showing the results of effect size analyses for annual forb and
grass cover for each of the treatment scenario/resistance resilience combinations in
West Box Elder County from 1999-2019. Mean effect size estimates and their
associated confidence intervals are found on the right. Overall estimates for each of the
treatment scenarios without being subset by RR are also displayed, along with the grand
overall effect of treatment.
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Figure 2.5 - A forest plot showing the results of effect size analyses for perennial forb
and grass cover for each of the treatment scenario/resistance resilience combinations in
West Box Elder County from 1999-2019. Mean effect size estimates and their
associated confidence intervals are found on the right. Overall estimates for each of the
treatment scenarios without being subset by RR are also displayed, along with the grand
overall effect of treatment.
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Figure 2.6 - A forest plot showing the results of effect size analyses for shrub cover for
each of the treatment scenario/resistance resilience combinations in West Box Elder
County from 1999-2019. Mean effect size estimates and their associated confidence
intervals are found on the right. Overall estimates for each of the treatment scenarios
without being subset by RR are also displayed, along with the grand overall effect of
treatment.
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CHAPTER 3
A DATABASE OF POST-FIRE REVEGETATION OUTCOMES ON RANGELANDS

Abstract
Land managers and decision makers rely on scientific literature to help guide
strategies and techniques used when planning post-fire restoration projects. 64 papers
were examined for outcomes of post-fire revegetation and a database was created
using these papers. Categories of key words were developed and assigned to all
referenced literature. Key words were chosen to streamline the literature review
process by helping categorize papers by study types, treatment methods, and variables
measured.
Of the 64 papers examined, 14 papers included observational studies of post-fire
treatments that took place in field assessments. 27 papers included results from
experimental plots set up to measure and control for specific restoration variables. Ten
papers performed greenhouse or grow room studies to further explain results of
germination and other variables affecting post-fire restoration success. While all papers
included some form of a basic literature review as part of its investigation, 13 papers
were published with the explicit intent of reviewing and organizing post-fire restoration
literature for future use and application.
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Introduction
Land managers and decision makers rely on scientific literature to help guide
strategies and techniques used when planning post-fire restoration projects. A
substantial amount of literature useful to these land managers has been published,
however staying current on publications and discovering new assessments of outcomes
from post-fire rehabilitation efforts can be difficult and time consuming. This database
was developed to help assist managers refamiliarize with and discover new literature
pertaining to outcomes from post-fire rehabilitation in the great basin and other
sagebrush systems. Categories of key words were developed and assigned to all
referenced literature. Key words were chosen to streamline the literature review
process by helping categorize papers by study types, treatment methods, and variables
measured.
Research Questions
1. What methods are used to analyze post-fire treatment outcomes across the
literature?
2. What are the most common post-fire treatment methods being used in the
field?
3. What specific variables are being measured to assess treatment outcomes?
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Methods
64 papers were examined for outcomes of postfire revegetation. Study types
were divided into four groups; observational studies, experimental plots,
greenhouse/grow room studies, and literature reviews. Each of the 64 papers were
assigned only one of these overarching study types. Treatment methods of post-fire
revegetation literature were divided into nine different groups; general post-fire
treatments (papers in which exact methods were not explicitly stated), aerial/broadcast
seedings, chaining’s, comparisons of native vs. introduced species, herbicide use, drill
seedings, seedling plantings, prescribed fires, and clipping/mowing projects. If
necessary multiple post-fire treatment groups were assigned to individual papers. The
focus behind each study, or the explicit variable measured to determine treatment
success, was isolated and papers were categorized into broad groups (where applicable
multiple foci were assigned to the same paper). Study foci included erosion control,
sagebrush establishment, perennial establishment, control of invasive species, native
plant traits/shifts, native species establishment, soil biological crust, seed zones, and the
development of new tools/ databases (See Figure 3.1).
Results
Of the 64 papers examined, 14 papers included observational studies of post-fire
treatments that took place in field assessments. 27 papers included results from
experimental plots set up to measure and control for specific restoration variables. Ten

61
papers performed greenhouse or grow room studies to further explain results of
germination and other variables affecting post-fire restoration success. While all papers
included some form of a basic literature review as part of its investigation, 13 papers
were published with the explicit intent of reviewing and organizing post-fire restoration
literature for future use and application.
Of the 64 papers examined, general post-fire treatments were analyzed in 3
different papers, aerial/broadcast seeding were analyzed in 16 total papers, chaining
methods were used in 5 papers, comparisons of native vs. introduced plant species were
examined in 10 papers, herbicide use was mentioned in 14 papers, drill seeding was
used in 12 papers, planting seedlings instead of seeding was mentioned in 4 papers,
effects of prescribed fire were mentioned in 3 papers, and clipping/mowing practices
were used in 2 papers.
Of the 64 papers examined several explicit variables of interest were examined,
Erosion Control was measured in 4 papers, sagebrush establishment was measured in 5
papers, perennial plant establishment was explicitly examined in 11 papers, controlling
invasive species with post fire restoration techniques was mentioned in 11 papers,
native plant traits were key parts of 2 papers, native species establishment was
measured by 1 paper, soil biological crust responses were considered in 1 paper, seed
zones were considered in 2 papers, and new tools/ databases were developed in 2
separate papers.
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A Post-fire Restoration Database
Arkle, Robert S. et al. 2014. “Quantifying Restoration Effectiveness Using Multi-Scale
Habitat Models: Implications for Sage-Grouse in the Great Basin.” Ecosphere
5(3): art31.
Location: Various locations across the great basin.
Key Words: Literature Review, Aerial/Broadcast Seeding, Drill Seeding
Abstract: A recurrent challenge in the conservation of wide-ranging, imperiled species is
understanding which habitats to protect and whether we are capable of restoring
degraded landscapes. For Greater Sage-grouse (Centrocercus urophasianus), a species
of conservation concern in the western United States, we approached this problem by
developing multi-scale empirical models of occupancy in 211 randomly located plots
within a 40 million ha portion of the species’ range. We then used these models to
predict sage-grouse habitat quality at 826 plots associated with 101 post-wildfire
seeding projects implemented from 1990 to 2003. We also compared conditions at
restoration sites to published habitat guidelines. Sage-grouse occupancy was positively
related to plot- and landscape-level dwarf sagebrush (Artemisia arbuscula, A. nova, A.
tripartita) and big sagebrush steppe prevalence, and negatively associated with nonnative plants and human development. The predicted probability of sage-grouse
occupancy at treated plots was low on average (0.09) and not substantially different
from burned areas that had not been treated. Restoration sites with quality habitat
tended to occur at higher elevation locations with low annual temperatures, high spring
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precipitation, and high plant diversity. Of 313 plots seeded after fire, none met all
sagebrush guidelines for breeding habitats, but approximately 50% met understory
guidelines, particularly for perennial grasses. This pattern was similar for summer
habitat. Less than 2% of treated plots met winter habitat guidelines. Restoration actions
did not increase the probability of burned areas meeting most guideline criteria. The
probability of meeting guidelines was influenced by a latitudinal gradient, climate, and
topography. Our results suggest that sage-grouse are relatively unlikely to use many
burned areas within 20 years of fire, regardless of treatment. Understory habitat
conditions are more likely to be adequate than overstory conditions, but in most
climates, establishing forbs and reducing cheatgrass dominance is unlikely.
Reestablishing sagebrush cover will require more than 20 years using past restoration
methods. Given current fire frequencies and restoration capabilities, protection of
landscapes containing a mix of dwarf sagebrush and big sagebrush steppe, minimal
human development, and low non-native plant cover may provide the best opportunity
for conservation of sage-grouse habitats.
Asay, K. H., W. H. Horton, K. B. Jensen, and A. J. Palazzo. 2001. “Merits of Native and
Introduced Triticeae Grasses on Semiarid Rangelands.” Canadian Journal of Plant
Science 81(1): 45–52.
Location: Utah, Washington, Idaho, Montana
Key Words: Experimental Plot, Native vs. Introduced (Compare)
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Abstract: Experiments were conducted on four semiarid range sites to compare stand
establishment, productivity, and persistence of several introduced perennial Triticeae
grasses with that of their native counterparts. On Intermountain sites with severe water
limitations (< 300 mm), native grasses were more difficult to establish, less productive,
and less persistent than the introduced grasses. Stands of native grasses declined most
rapidly under defoliation. At locations where moisture conditions were more favorable,
particularly where more summer precipitation occurred, native Triticeae grasses
established and persisted relatively well compared with the introduced entries.
Although difficult to establish, stands of the rhizomatous native, western wheatgrass
[Pascopyrum smithii (Rydb.) A. Löve] increased during the seasons after establishment.
Choice of plant materials to be used in range seeding programs should be based on
objective criteria. To do otherwise will perpetuate degradation of soil resources,
especially on sites that are dominated by weedy annual species such as cheatgrass
(Bromus tectorum) and medusahead rye (Taeniatherum asperum). It is proposed that
adapted introduced grasses be equally considered along with native grasses as a
component of seed mixtures on environmentally harsh sites that have been burned,
infested with competitive weedy species, or otherwise degraded.
Atwater, Daniel Z., Jeremy J. James, and Elizabeth A. Leger. 2015. “Seedling Root Traits
Strongly Influence Field Survival and Performance of a Common Bunchgrass.”
Basic and Applied Ecology 16(2): 128–40.
Location: Northern Nevada, Green House experiments
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Key Words: Experimental Plot, Greenhouse/Grow Room study
Abstract: Seedling survival is a limiting factor in arid-land restoration. We investigated
how variation in the root traits of glasshousereared seedlings related to the field
performance of different genotypes from two populations of Elymus elymoides
(squirreltail), a common bunchgrass native to the Western United States. Seeds from
100 E. elymoides individuals were collected from two sites in northern Nevada. We
planted offspring of these 100 individuals in the glasshouse to characterize 10-day root
traits of each maternal family. Root traits of glasshouse-reared plants and seed size
measures were correlated with the performance of siblings grown in field plots close to
the seed collection sites. Seedling root traits were related to performance of siblings at
both sites. We estimate that within-population variation in root traits was associated
with a more than six- to nine-fold increase in seedling survival probability and a two-fold
increase in height at the less productive site, and a two-fold increase in survival and 1.2fold increase in size at the more productive site. At both sites, effects of root traits were
complex, with extreme values of some traits favoured and intermediate values of other
traits favoured. There is a recognized need to integrate understanding of plant
functional traits into larger conceptual frameworks of ecological restoration. Here we
show that within-population variation in a suite of root functional traits relates to large
variation in seedling survival and size of an arid-land grass species, improving our
understanding of how trait variation affects performance in the field. Understanding
such variation may be used to positively impact restoration outcomes.
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Baker, William L., Jim Garner, and Peggy Lyon. 2009. “Effect of Imazapic on Cheatgrass
and Native Plants in Wyoming Big Sagebrush Restoration for Gunnison SageGrouse.” Natural Areas Journal 29(3): 204–9.
Location: Colorado
Key Words: Experimental Plot, Herbicide
Abstract: Imazapic has shown potential to control invasive weeds, such as cheatgrass
(Bromus tectorum L.), during ecological restoration, but effects on non-target native
plants are poorly known. In a replicated field experiment, as part of restoration for
Gunnison sage-grouse (Centrocercus minimus) in Colorado, imazapic was applied in the
fall at a high rate (175 g/ha) to control cheatgrass in mowed Wyoming big sagebrush
(Artemisia tridentata Nutt. ssp. wyomingensis Beetle & Young). Cheatgrass was reduced,
but only by 67%, and non-native forbs were reduced by 80% by the following summer.
However, native forbs also declined (by 84%). Two native grasses declined, but others
were not affected. Damage to native forbs would likely be detrimental to sage-grouse
and other wildlife if it occurred over large areas. Perhaps application of imazapic just to
cheatgrass plants or patches and application earlier in restoration would allow control
with less adverse effects on native forbs.
Beyers, Jan L. 2004. “Postfire Seeding for Erosion Control: Effectiveness and Impacts on
Native Plant Communities.” Conservation Biology 18(4): 947–56.
Location: Various Western regions
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Key Words: Literature Review, Erosion Control, Aerial/Broadcast Seeding, Native plant
traits/shifts,
Abstract: Large, high‐severity wildfires remove vegetation cover and expose mineral soil,
often causing erosion and runoff during postfire rain events to increase dramatically.
Land‐management agencies in the United States are required to assess site conditions
after wildfire and, where necessary, implement emergency watershed rehabilitation
measures to help stabilize soil; control movement of water, sediment, and debris;
prevent permanent impairment of ecosystem structure and function; and mitigate
significant threats to human health, safety, life, property, or downstream values. One of
the most common postfire treatments is broadcast seeding of grasses, usually from
aircraft. Non‐native annual or perennial grasses typically are used to provide quick,
temporary ground cover to hold soil in place until native plants are reestablished. Critics
argue that seeded grasses compete with native vegetation and do not effectively reduce
erosion. Few data exist on the effectiveness of erosion control; less than half of the
studies I reviewed showed reduced sediment movement with seeding. In all vegetation
types, successful growth of seeded grasses—enough to affect erosion—appears to
displace native or naturalized species, including shrub and tree seedlings. Due to the
competitiveness of seeded grasses, they are used to attempt suppression of noxious
weeds in some postfire seeding operations. In burned sagebrush range, postfire seeding
is frequently used to replace non‐native cheatgrass (Bromus tectorum) with native or
introduced bunchgrasses, with at least short‐term success. In recent years, native
species and sterile cereal grains have increasingly been used for seeding. Use of aerially
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applied straw mulch has increased as well, with the risk of weed introduction from
contaminated bales. More research on the effectiveness and ecosystem impacts of
these alternatives is needed.
Beyers, Jan L., David A. Pyke, and Troy Wirth. 2015. Synthesis of Current Knowledge on
Post-Fire Seeding for Soil Stabilization and Invasive Species Control. U.S
Geological Survey. USGS Unnumbered Series.
http://pubs.er.usgs.gov/publication/70185272 (September 12, 2019).
Location: Various treatment areas
Key Words: Literature Review, Control of Invasive Species, Aerial/Broadcast Seeding,
Drill Seeding
Abstract: The General Accounting Office has identified a need for better information on
the effectiveness of post-fire emergency stabilization and rehabilitation methods used
by the U.S. Forest Service and Department of Interior (DOI) agencies. Since reviews were
published on treatment effectiveness in the early 2000s, treatment choices have
changed and increased monitoring has been done. Greater use of native species has
added substantially to burned area emergency response (BAER) treatment costs, for
example, but quantitative data on this treatment were scarce in earlier reviews. We
synthesized current information on the effectiveness of post-fire seeding for both soil
stabilization and for prevention of the spread of invasive species in rangelands. We
reviewed published literature (peer-reviewed and “gray”) and agency monitoring
reports, as well as compiled and analyzed quantitative data in agency files. Products of
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this review include a web-accessible database of monitoring reports and published
information, a scientific journal paper summarizing findings of scientific studies, an
annotated bibliography of peer-reviewed papers, a summary report published as a
General Technical Report that will be available online (in progress), and presentations to
scientific meetings and BAER/ESR team training sessions and workshops. By combining
results from studies done by Forest Service and DOI agency personnel with research
studies published since the initial reviews, we presented a comprehensive synthesis of
seeding effectiveness knowledge that complements the review of other hillslope
treatments published by other researchers. This information will help federal land
managers make more cost-effective decisions on post-fire stabilization and
rehabilitation treatments.
Bower, Andrew D., J. Bradley St Clair, and Vicky Erickson. 2014. “Generalized Provisional
Seed Zones for Native Plants.” Ecological Applications 24(5): 913–19.
Location: NA
Key Words: Observational Study, Seed Zones
Abstract: Deploying well-adapted and ecologically appropriate plant materials is a core
component of successful restoration projects. We have developed generalized
provisional seed zones that can be applied to any plant species in the United States to
help guide seed movement. These seed zones are based on the intersection of highresolution climatic data for winter minimum temperature and aridity (as measured by
annual heat:moisture index), each classiﬁed into discrete bands. This results in the

70
delineation of 64 provisional seed zones for the continental United States. These zones
represent areas of relative climatic similarity, and movement of seed within these zones
should help to minimize maladaptation. Superimposing Omernik’s level III ecoregions
over these seed zones distinguishes areas that are similar climatically yet different
ecologically. A quantitative comparison of provisional seed zones with level III
ecoregions and provisional seed zones within ecoregions for three species showed that
provisional seed zone within ecoregion often explained the greatest proportion of
variation in a suite of traits potentially related to plant ﬁtness. These provisional seed
zones can be considered a starting point for guidelines for seed transfer, and should be
utilized in conjunction with appropriate species-speciﬁc information as well as local
knowledge of microsite differences.
Boyd, Chad, and Kirk Davies. 2012. “Spatial Variability in Cost and Success of
Revegetation in a Wyoming Big Sagebrush Community.” Environmental
management 50: 441–50.
Location: Southeastern Oregon
Key Words: Observational Study, Native vs. Introduced (Compare), Drill Seeding
Abstract: The ecological integrity of the Wyoming big sagebrush (Artemisia tridentata
Nutt. ssp. wyomingensis Beetle and A. Young) alliance is being severely interrupted by
post-fire invasion of non-native annual grasses. To curtail this invasion, successful postfire revegetation of perennial grasses is required. Environmental factors impacting postfire restoration success vary across space within the Wyoming big sagebrush alliance;
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however, most restorative management practices are applied uniformly. Our objectives
were to define probability of revegetation success over space using relevant soil-related
environmental factors, use this information to model cost of successful revegetation
and compare the importance of vegetation competition and soil factors to revegetation
success. We studied a burned Wyoming big sagebrush landscape in southeast Oregon
that was reseeded with perennial grasses. We collected soil and vegetation data at plots
spaced at 30 m intervals along a 1.5 km transect in the first two years post-burn. Plots
were classified as successful (>5 seedlings/m(2)) or unsuccessful based on density of
seeded species. Using logistic regression we found that abundance of competing
vegetation correctly predicted revegetation success on 51 % of plots, and soil-related
variables correctly predicted revegetation performance on 82.4 % of plots. Revegetation
estimates varied from $167.06 to $43,033.94/ha across the 1.5 km transect based on
probability of success, but were more homogenous at larger scales. Our experimental
protocol provides managers with a technique to identify important environmental
drivers of restoration success and this process will be of value for spatially allocating
logistical and capital expenditures in a variable restoration environment.
Brabec, M. M. et al. 2015. “Challenges of Establishing Big Sagebrush (Artemisia
Tridentata) in Rangeland Restoration: Effects of Herbicide, Mowing, WholeCommunity Seeding, and Sagebrush Seed Sources.” Rangeland Ecology &amp;
Management 68(5): 432–35.
Location: Southwestern Idaho
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Key Words: Sagebrush Establishment, Experimental Plot, Herbicide, Planting,
Clipping/Mowing
Abstract: The loss of big sagebrush (Artemisia tridentata Nutt.) on sites disturbed by fire
has motivated restoration seeding and planting efforts. However, the resulting
sagebrush establishment is often lower than desired, especially in dry areas. Sagebrush
establishment may be increased by addressing factors such as seed source and
condition or management of the plant community. We assessed initial establishment of
seeded sagebrush and four populations of small outplants (from different geographies,
climates, and cytotypes) and small sagebrush outplants in an early seral community
where mowing, herbicide, and seeding of other native plants had been experimentally
applied. No emergence of seeded sagebrush was detected. Mowing the site before
planting seedlings led to greater initial survival probabilities for sagebrush outplants,
except where seeding also occurred, and these effects were related to corresponding
changes in bare soil exposure. Initial survival probabilities were N 30% greater for the
local population of big sagebrush relative to populations imported to the site from
typical seed transfer distances of ~320–800 km. Overcoming the high first-year mortality
of outplanted or seeded sagebrush is one of the most challenging aspects of postfire
restoration and rehabilitation, and further evaluation of the impacts of herb treatments
and sagebrush seed sources across different site types and years is needed.
Brabec, Martha M., Matthew J. Germino, and Bryce A. Richardson. 2017. “Climate
Adaption and Post-Fire Restoration of a Foundational Perennial in Cold Desert:
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Insights from Intraspecific Variation in Response to Weather.” Journal of Applied
Ecology 54(1): 293–302.
Location: Idaho, Utah, Montana, New Mexico
Key Words: Experimental Plot, Sagebrush Establishment, Planting, Seed Zones
Abstract: Summary
1. The loss of foundational but ﬁre-intolerant perennials such as sagebrush due to
increases in ﬁre size and frequency in semi-arid regions has motivated efforts to restore
them, often with mixed or even no success. Seeds of sagebrush Artemisia tridentata and
related species must be moved considerable distances from seed source to planting
sites, but such transfers have not been guided by an understanding of local climate
adaptation. Initial seedling establishment and its response to weather are a key
demographic bottleneck that likely varies among subspecies and populations of
sagebrush.
2. We assessed differences in survival, growth and physiological responses of sagebrush
seedlings to weather among eleven seed sources that varied in subspecies, cytotype and
climatesof-origin over 18 months following outplanting. Diploid or polyploid populations
of mountain, Wyoming and basin big sagebrush (A. tridentata ssp. vaseyana, A.
tridentata ssp. wyomingensis and A. tridentata ssp. tridentata, respectively) were
planted onto ﬁve burned sites that normally support A.t. wyomingensis with some A.t.
tridentata.
3. A.t. wyomingensis had the most growth and survival, and tetraploid populations had
greater survival and height than diploids. Seasonal timing of mortality varied among the
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subspecies/cytotypes and was more closely related to minimum temperatures than
water deﬁcit.
4. Temperatures required to induce ice formation were up to 6 °C more negative in
4nA.t. tridentata and A.t. wyomingensis than in other subspecies/cytotypes, indicating
greater freezing avoidance. In contrast, freezing resistance of photosynthesis varied only
1 °C among subspecies/cytotypes, being greatest in A.t. wyomingensis and least in the
subspecies normally considered most cold-adapted, A.t. vaseyana. A large spectrum of
reliance on freezing avoidance vs. freezing tolerance was observed and corresponded to
differences in post-ﬁre survivorship among subspecies/cytotypes. Differences in water
deﬁcit responses among subspecies/cytotypes were not as strong and did not relate to
survival patterns.
5. Synthesis and applications. Low-temperature responses are a key axis deﬁning
climate adaptation in young sagebrush seedlings and vary more with cytotype than with
subspecies, which contrasts with the traditional emphases on
(i) water limitations to explain establishment in these deserts, and (ii) subspecies in
selecting restoration seedings.
These important and novel insights on climate adaptation are critical for seed selection
and parameterizing seed transfer zones, and were made possible by incorporating
weather data with survival statistics. The survival/weather statistics used here could be
applied to any restoration planting or seeding to help elucidate factors contributing to
success and enable adaptive management.
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Clark, Shannon L., Derek J. Sebastian, Scott J. Nissen, and James R. Sebastian. 2019.
“Effect of Indaziflam on Native Species in Natural Areas and Rangeland.” Invasive
Plant Science & Management 12(1): 60.
Location: Colorado
Key Words: Experimental Plot, Herbicide
Abstract: Minimizing the negative ecological impacts of exotic plant invasions is one goal
of land management. Using selective herbicides is one strategy to achieve this goal;
however, the unintended consequences of this strategy are not always fully understood.
The recently introduced herbicide indaziflam has a mode of action not previously used
in non-crop weed management. Thus, there is limited information about the impacts of
this active ingredient when applied alone or in combination with other non-crop
herbicides. The objective of this research was to evaluate native species tolerance to
indaziflam and imazapic applied alone and with other broadleaf herbicides. Replicated
field plots were established at two locations in Colorado with a diverse mix of native
forbs and grasses. Species richness and abundance were compared between the
nontreated control plots and plots where indaziflam and imazapic were applied alone
and in combination with picloram and aminocyclopyrachlor. Species richness and
abundance did not decrease when indaziflam or imazapic were applied alone; however,
species abundance was reduced by treatments containing picloram and
aminocyclopyrachlor. Species richness was only impacted at one site 1 yr after
treatment (YAT) by these broadleaf herbicides. Decreases in abundance were mainly
due to reductions in forbs that resulted in a corresponding increase in grass cover. Our
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data suggest that indaziflam will control downy brome (Bromus tectorum L.) for
multiple years without reduction in perennial species richness or abundance. If B.
tectorum is present with perennial broadleaf weeds requiring the addition of herbicides
like picloram or aminocyclopyrachlor, forb abundance could be reduced, and in some
cases there could be a temporary reduction in perennial species richness.
Clark, Shannon L., Derek J. Sebastian, Scott J. Nissen, and James R. Sebastian. 2020.
“Evaluating Winter Annual Grass Control and Native Species Establishment
Following Applications of Indaziflam on Rangeland.” Invasive Plant Science &
Management 13(3): 199–209.
Location: Colorado
Key Words: Experimental Plot, Herbicide, Drill Seeding, Native Species Establishment
Abstract: Indaziflam, a PRE herbicide option for weed management on rangeland and
natural areas, provides long-term control of invasive winter annual grasses (IWAGs).
Because indaziflam only provides PRE control of IWAGs, POST herbicides such as
glyphosate can be mixed with indaziflam to control germinated IWAG seedlings. Field
trials were conducted at three sites on the Colorado Front Range to evaluate glyphosate
dose required to provide adequate POST IWAG control and compare long-term downy
brome (Bromus tectorum L.), Japanese brome (Bromus arvensis L.), and feral rye (Secale
cereale L.) control with indaziflam and imazapic. Two of the three sites were void of
desirable species, so species establishment through drill seeding was assessed, while the
remnant native plant response was assessed at the third site. Herbicide applications
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were made March 2014 through April 2015, and two sites were drill seeded with native
species 9 mo after herbicide application. Yearly visual control evaluations, biomass of all
plant species, and drilled species stand counts were collected. Glyphosate at 474 g ae
ha−1 reduced B. tectorum biomass to zero, while glyphosate at 631 g ae ha−1 was
needed to reduce biomass to near zero at the S. cereale site. At all three sites, only
indaziflam treatments had significant reductions in IWAG biomass compared with the
nontreated check at 3 yr after treatment (YAT). By 3 YAT in the drill-seeded sites, coolseason grass frequency ranged from 37% to 69% within indaziflam treatments (73 and
102 g ai ha−1), while imazapic treatments ranged from 0% to 26% cool-season grass
frequency. In the site with a remnant native plant community, indaziflam treatments
resulted in a 3- to 4-fold increase in native grass biomass. These results indicate that the
multiyear IWAG control provided by indaziflam can aid in desirable species
reestablishment through drill seeding or response of the remnant plant community.
Clements, Charlie D., Daniel N. Harmon, Robert R. Blank, and Mark Weltz. 2017.
“Improving Seeding Success on on Cheatgrass-Infested Rangelands in Northern
Nevada.” Rangelands 39(6): 174–81.
Location: Nevada
Key Words: Experimental Plot, Perennial Establishment, Native vs. Introduced
(Compare), Herbicide, Drill Seeding
Abstract: On the Ground
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• Cheatgrass has transformed secondary succession in arid sagebrush plant
communities in the Great Basin by providing a fine-textured, early maturing fuel that
increases the chance, rate, spread, and season of wildfires.
• The best known method to suppress cheatgrass densities and associated fuels is
through the establishment of perennial grasses.
• Crested wheatgrass plots seeded the first fall following the wildfire (2006) averaged an
establishment of 9.6 plants/m2 compared with plots seeded the second fall at 3.9
plants/m2. Native perennial species bluegrass and squirreltail experienced high failure
rates.
• Over the 2-year study, un-disced cheatgrass plots averaged more than 1,350
cheatgrass seeds/m2, while plots receiving our April/May discing application averaged
fewer than 250 cheatgrass seeds/m2, an 82% reduction in cheatgrass seed bank
densities, which significantly improved seeded species establishment.
•The use of soil-active herbicides, Imazapic (Plateau) and Sulfometuron methyl
(Landmark), reduced first-year cheatgrass densities by 95.6% and 98.7%, respectively.
This level of cheatgrass reduction drastically improved seeded species success.
• The establishment of perennial grasses reduced aboveground cheatgrass densities by
more than 93%, thus reducing the chance of reoccurring wildfires and improving the
chance that critical browse species can return to the site and improve wildlife resources.
Clenet, Danielle R., Kirk W. Davies, Dustin D. Johnson, and Jay D. Kerby. 2019. “Native
Seeds Incorporated into Activated Carbon Pods Applied Concurrently with
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Indaziflam: A New Strategy for Restoring Annual‐invaded Communities?”
Restoration Ecology 27(4): 738–44.
Location: Grow room study, Soil obtained from Eastern Oregon
Key Words: Perennial Establishment, Herbicide, Greenhouse/Grow Room study
Abstract: Reestablishing native perennial vegetation in annual grass‐invaded rangelands
is critical to restoring ecosystems. Control of exotics, often achieved with preemergent
herbicides, is essential for successful restoration of invaded rangelands. Unfortunately,
desirable species cannot be seeded simultaneously with preemergent herbicide
application due to nontarget damage. To avoid this, seeding is commonly delayed at
least 1 year. Delaying seeding increases the likelihood that annual grasses will begin
reestablishing and compete with seeded species. Activated carbon (AC) can provide
preemergent herbicide protection for seeded species because it adsorbs and
deactivates herbicides. Previous studies suggest that a cylindrical herbicide protection
pod (HPP), containing AC and seeds, allows desired species to be seeded simultaneously
with the application of the preemergent herbicide imazapic. Unfortunately, imazapic is
only effective at controlling annual grasses for 1–2 years. Indaziflam is a new
preemergent herbicide which exhibits longer soil activity, with which HPPs may be
useful. To assess this possibility, we evaluated seeding two native species (Wyoming big
sagebrush [Artemisia tridentata Nutt ssp. wyomingensis] and bluebunch wheatgrass
[Pseudoroegneria spicata (Pursh) Á. Löve]), both incorporated into HPPs and as bare
seed, at four application rates of indaziflam in a grow room study. HPPs protected
seeded species at low, mid, and high rates of indaziflam. The abundance and size of
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plants was greater in HPPs compared to bare seed treatments. These results suggest
that HPPs can be used to seed native grasses and shrubs simultaneously with indaziflam
application.
———. 2020. “Herbicide Protection Pods (HPPs) Facilitate Sagebrush and Bunchgrass
Establishment under Imazapic Control of Exotic Annual Grasses.” Rangeland
Ecology & Management 73(5): 687–93.
Location:
Key Words: Control of Invasive Species, Sagebrush Establishment, Experimental Plot,
Drill Seeding, Herbicide
Abstract: Revegetation of exotic annual grass−invaded rangelands is a primary objective
of land managers following wildfires. Controlling invasive annual grasses is essential to
increasing revegetation success; however, preemergent herbicides used to control
annual grasses prohibit immediate seeding due to nontarget herbicide damage. Thus,
seeding is often delayed 1 yr following herbicide application. This delay frequently
allows for reinvasion of annual grasses, decreasing the success of revegetation efforts.
Incorporating seeds into herbicide protection pods (HPPs) containing activated carbon
(AC) permits concurrent high preemergent herbicide application and seeding because
AC adsorbs and renders herbicides inactive. While HPPs have, largely in greenhouse
studies, facilitated perennial bunchgrass emergence and early growth, their
effectiveness in improving establishment of multiple species and functional groups in
the field has not been assessed. Five bunchgrass species and two shrub species were
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seeded at two field sites with high imazapic application rates as bare seed and seed
incorporated into HPPs. HPPs significantly improved establishment of sagebrush
(Artemesia tridentata Nutt. Spp. wyomingensis Beetle & Young) and crested wheatgrass
(Agropyron cristatum [L.] Gaertn.) over the 2-yr study. Three native perennial grass
species were protected from herbicide damage by HPPs but had low establishment in
both treatments. The two remaining shrub and grass species did not establish
sufficiently to determine treatment effects. While establishment of native perennial
bunchgrasses was low, this study demonstrates that HPPs can be used to protect
seeded bunchgrasses and sagebrush from imazapic, prolonging establishment time in
the absence of competition with annual grasses.
Copeland, Stella M. et al. 2018. “Long-Term Trends in Restoration and Associated Land
Treatments in the Southwestern United States.” Restoration Ecology 26(2): 311–
22.
Location: Southwestern United States (BLM treatments, 1940-2010)
Key Words: Literature Review, General Post-fire Treatment
Abstract: Restoration treatments, such as revegetation with seeding or invasive species
removal, have been applied on U.S. public lands for decades. Temporal trends in these
management actions have not been extensively summarized previously, particularly in
the southwestern United States where invasive plant species, drought, and fire have
altered dryland ecosystems. We assessed long‐term (1940–2010) trends in restoration
using approximately 4,000 vegetation treatments conducted on Bureau of Land
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Management lands across the southwestern United States. We found that since 1940,
the proportions of seeding and vegetation/soil manipulation (e.g. vegetation removal or
plowing) treatments have declined, while the proportions of prescribed burn and
invasive species treatments have increased. Treatments in pinyon‐juniper and big
sagebrush communities declined in comparison to treatments in desert scrub, creosote
bush, and riparian woodland communities. Restoration‐focused treatment objectives
increased relative to resource extraction objectives. Species richness and proportion of
native species used in seeding treatments also increased. Inflation‐adjusted costs per
area rose 750% for vegetation/soil manipulation, 600% for seeding, and 400% for
prescribed burn treatments in the decades from 1981 to 2010. Seeding treatments were
implemented in warmer and drier years when compared to the climate conditions of
the entire study period and warmer and wetter years relative to several years before
and after the treatment. These results suggest that treatments over a 70‐year period on
public lands in the southwestern United States are shifting toward restoration practices
that are increasingly large, expensive, and related to fire and invasive species control.
Implications for Practice
Vegetation treatments on southwestern U.S. public lands increasingly align with
restoration practices, such as planting native rather than nonnative species, which will
likely continue to increase the demand for diverse native seed and plant material
resources.

83
Planning for future vegetation treatments could benefit from new landscape‐level, cost‐
effective restoration strategies as mean treatment size and cost per area have
concurrently increased.
Land managers may be able to increase seeding success by planting in years when
forecasts predict cooler temperatures and higher precipitation.
A relatively low level of posttreatment monitoring effort may be limiting adaptive
management and advancements in restoration practices.
Cox, Robert D., and Val Jo Anderson. 2004. “Increasing Native Diversity of CheatgrassDominated Rangeland through Assisted Succession.” Journal of Range
Management 57(2): 203–10.
Location: Toole County, Utah
Key Words: Perennial Establishment, Control of Invasive Species, Experimental Plot,
Herbicide, Drill Seeding, Aerial/Broadcast Seeding
Abstract: Increasing attention, resources and efforts are being focused on the
conversion of weedy dominated rangelands back to perennial plant communities that
resemble predisturbance communities in form, function and composition. A study was
conducted in 1998 and replicated again in 1999 to determine whether native plants
could be established through "assisted succession" - manipulating a cheatgrassdominated area to perennial plant domination, then to native or near-native diversity.
Cheatgrass dominated rangeland that had been successfully revegetated with crested
wheatgrass (Agropyron cristatum [L.] Gaertner) was seeded with native species.
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Another area dominated by cheatgrass, but without crested wheatgrass, was also
seeded. Four seedbed preparation methods were investigated: tilling, harrowing,
application of a herbicide, and no treatment. Four different seeding methods were used
in the 2 areas and 4 seedbed preparation techniques: drilling, broadcasting, a broadcastcover method, and no seed. Seeding was done in February, and data were collected in
mid-summer each year. Native grasses and shrubs emerged in greater numbers on
treatments established on the crested wheatgrass matrix than on those established on
the cheatgrass matrix. Perhaps in general, but especially in years with normal or below
average precipitation, the assisted succession approach proved successful for
restoration of native sagebrush-grassland steppe from cheatgrass range.
Davies, K. W. et al. 2015. “Success of Seeding Native Compared with Introduced
Perennial Vegetation for Revegetating Medusahead-Invaded Sagebrush
Rangeland.” Rangeland Ecology & Management 68(3): 224–30.
Location: Southeastern Oregon
Key Words: Experimental Plot, Native vs. Introduced (Compare), Prescribed Fire,
Herbicide
Abstract: Millions of hectares of Wyoming big sagebrush (Artemisia tridentata Nutt.
subsp. wyomingensis Beetle &Young) rangeland have been invaded by medusahead
(Taeniatherum caput-medusae [L.] Nevski), an exotic annual grass that degrades wildlife
habitat, reduces forage production, and decreases biodiversity. Revegetation of
medusahead-invaded sagebrush plant communities is necessary to restore ecosystem
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services. Disagreement, however, exists over whether to seed native or
introduced perennial species to revegetate communities after controlling medusahead.
Though native species generally do not establish as well as introduced species,
interference from co-seeded introduced species has often been attributed to the limited
success of natives. The potential for seeding natives to revegetate communities after
medusahead control is relatively unknown because they have been largely co-seeded
with introduced species. We compared the results of seeding native and introduced
perennial species after controlling medusahead with prescribed burning followed with
an imazapic herbicide application at five sites. Perennial bunchgrass cover and density
were 5- and 10-fold greater in areas seeded with introduced compared with native
species 3 years post seeding. Furthermore, exotic annual grass cover and density were
less in areas seeded with introduced compared with native species. Seeded introduced
and native shrubs largely failed to establish. High perennial bunchgrass density (15
individuals · m- 2) in areas seeded with introduced species in the third year post seeding
suggests that the succession trajectory of these communities has shifted to becoming
perennial dominated. Average perennial bunchgrass density of 1.5 individuals ·
m- 2 with seeding native species will likely not limit medusahead and appears to already
be converting back to exotic annual grass-dominated communities. These results
suggest that seeding introduced compared with native species after medusahead
control will likely be more successful. Our results also imply that if natives are selected
to seed after medusahead control, additional resources may be necessary to recontrol
medusahead and repeatedly sow native species.
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Davies, Kirk W., Chad S. Boyd, and Aleta M. Nafus. 2013. “Restoring the Sagebrush
Component in Crested Wheatgrass–Dominated Communities.” Rangeland
Ecology & Management 66(4): 472–78.
Location: Oregon
Key Words: Sagebrush Establishment, Aerial/Broadcast Seeding, Planting, Herbicide
Abstract: Monotypic stands of crested wheatgrass (Agropyron cristatum [L] Gaertm.
and Agropyron desertorum [Fisch.] Schult.), an introduced grass, occupy vast expanses
of the sagebrush steppe. Efforts to improve habitat for sagebrush-associated wildlife by
establishing a diverse community of native vegetation in crested wheatgrass stands
have largely failed. Instead of concentrating on a diversity of species, we evaluated the
potential to restore the foundation species, Wyoming big sagebrush (Artemisia
tridentata spp. wyomingensis [Beetle & A. Young] S. L. Welsh), to these communities.
We investigated the establishment of Wyoming big sagebrush into six crested
wheatgrass stands (sites) by broadcast seeding and planting seedling sagebrush across
varying levels of crested wheatgrass control with glyphosate. Planted sagebrush
seedlings survived at high rates (∼ 70% planted sagebrush survival 3 yr postplanting),
even without crested wheatgrass control. However, most attempts to establish
sagebrush by broadcast seeding failed. Only at high levels of crested wheatgrass control
did a few sagebrush plants establish from broadcasted seed. Sagebrush density and
cover were greater with planting seedlings than broadcast seeding. Sagebrush cover,
height, and canopy area were greater at higher levels of crested wheatgrass control.
High levels of crested wheatgrass control also created an opportunity for exotic annuals
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to increase. Crested wheatgrass rapidly recovered after glyphosate control treatments,
which suggests multiple treatments may be needed to effectively control crested
wheatgrass. Our results suggest that planting sagebrush seedlings can structurally
diversify monotypic crested wheatgrass stands to provide habitat for sagebrushassociated wildlife. Though this is not the full diversity of native functional
groups representative of the sagebrush steppe, it is a substantial improvement over
other efforts that have largely failed to alter these plant communities. We also
hypothesize that planting sagebrush seedlings in patches or strips may provide a
relatively inexpensive method to facilitate sagebrush recovery across vast landscapes
where sagebrush has been lost.
Davies, Kirk W., Dustin D. Johnson, and Aleta M. Nafus. 2014. “Restoration of Exotic
Annual Grass-Invaded Rangelands: Importance of Seed Mix Composition.”
Invasive Plant Science and Management; Lawrence 7(2): 247–56.
Location: Southeastern Oregon
Key Words:Experimental Plot, Perennial Establishment, Prescribed Fire, Herbicide
Abstract: Restoration of exotic annual grass-invaded rangelands is needed to improve
ecosystem function and services. Increasing plant species richness is generally believed
to increase resistance to invasion and increase desired vegetation. However, the effects
of species richness and individual plant life forms in seed mixes used to restore
rangelands invaded by exotic annual grasses have not been investigated. We evaluated
the effects of seeding different life forms and increasing species richness in seed mixes
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seeded after exotic annual grass control to restore desirable vegetation (perennial
herbaceous vegetation) and limit exotic annual grasses at two sites in southeastern
Oregon. We also investigated the effects of seeding two commonly used perennial
grasses individually and together on plant community characteristics. Large perennial
grasses, the dominant herbaceous plant life form, were the most important group to
seed for increasing perennial herbaceous vegetation cover and density. We did not find
evidence that greater seed mix species richness increased perennial herbaceous
vegetation or decreased exotic annual grass dominance more than seeding only the
dominant species. None of the seed mixes had a significant effect on exotic annual grass
cover or density, but the lack of a measured effect may have been caused by low annual
grass propagule pressure in the first couple of years after annual grass control and an
unusually wet-cool spring in the third year post-seeding. Although our results suggest
that seeding only the dominant plant life form will likely maximize plant community
productivity and resistance to invasion in exotic annual grass-invaded northern Great
Basin arid rangelands, seeding a species rich seed mix may have benefits to higher tropic
levels and community stability. Clearly the dominant species are the most prudent to
include in seed mixes to restore exotic annual grass-invaded plant communities,
especially with finite resources and an increasingly large area in need of restoration.
Davies, Kirk W., Aleta M. Nafus, and Roger L. Sheley. 2010. “Non-Native Competitive
Perennial Grass Impedes the Spread of an Invasive Annual Grass.” Biological
Invasions (9): 3187.
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Location: Southeast Oregon
Key Words: Experimental Plot, Drill Seeding, Perennial Establishment
Abstract: Restoration of exotic annual grass-invaded rangelands is needed to improve
ecosystem function and services. Increasing plant species richness is generally believed
to increase resistance to invasion and increase desired vegetation. However, the effects
of species richness and individual plant life forms in seed mixes used to restore
rangelands invaded by exotic annual grasses have not been investigated. We evaluated
the effects of seeding different life forms and increasing species richness in seed mixes
seeded after exotic annual grass control to restore desirable vegetation (perennial
herbaceous vegetation) and limit exotic annual grasses at two sites in southeastern
Oregon. We also investigated the effects of seeding two commonly used perennial
grasses individually and together on plant community characteristics. Large perennial
grasses, the dominant herbaceous plant life form, were the most important group to
seed for increasing perennial herbaceous vegetation cover and density. We did not find
evidence that greater seed mix species richness increased perennial herbaceous
vegetation or decreased exotic annual grass dominance more than seeding only the
dominant species. None of the seed mixes had a significant effect on exotic annual grass
cover or density, but the lack of a measured effect may have been caused by low annual
grass propagule pressure in the first couple of years after annual grass control and an
unusually wet-cool spring in the third year post-seeding. Although our results suggest
that seeding only the dominant plant life form will likely maximize plant community
productivity and resistance to invasion in exotic annual grass-invaded northern Great
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Basin arid rangelands, seeding a species rich seed mix may have benefits to higher tropic
levels and community stability. Clearly the dominant species are the most prudent to
include in seed mixes to restore exotic annual grass-invaded plant communities,
especially with finite resources and an increasingly large area in need of restoration.
Eiswerth, Mark E., Karl Krauter, Sherman R. Swanson, and Mike Zielinski. 2009. “PostFire Seeding on Wyoming Big Sagebrush Ecological Sites: Regression Analyses of
Seeded Nonnative and Native Species Densities.” Journal of Environmental
Management 90(2): 1320–25.
Location: Nevada
Key Words: Experimental Plot, Drill Seeding, Sagebrush Establishment
Abstract: Since the mid-1980s, sagebrush rangelands in the Great Basin of the United
States have experienced more frequent and larger wildfires. These fires
affect livestock forage, the sagebrush/grasses/forbs mosaic that is important for many
wildlife species (e.g., the greater sage-grouse (Centrocercus urophasianus)), postfire flammability and fire frequency. When a sagebrush, especially a Wyoming big
sagebrush (Artemisia tridentata ssp. wyomingensis (Beetle & A. Young)), dominated
area largely devoid of herbaceous perennials burns, it often transitions to an annual
dominated and highly flammable plant community that thereafter excludes sagebrush
and native perennials. Considerable effort is devoted to revegetating rangeland
following fire, but to date there has been very little analysis of the factors that lead to
the success of this revegetation. This paper utilizes a revegetation monitoring dataset to
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examine the densities of three key types of vegetation, specifically nonnative seeded
grasses, nonnative seeded forbs, and native Wyoming big sagebrush, at several points in
time following seeding. We find that unlike forbs, increasing the seeding rates for
grasses does not appear to increase their density (at least for the sites and seeding rates
we examined). Also, seeding Wyoming big sagebrush increases its density with time
since fire. Seeding of grasses and forbs is less successful at locations that were
dominated primarily by annual grasses (cheatgrass (Bromus tectorum L.)), and devoid of
shrubs, prior to wildfire. This supports the hypothesis of a “closing window of
opportunity” for seeding at locations that burned sagebrush for the first time in recent
history.
Eiswerth, Mark E., and J. Scott Shonkwiler. 2006. “Examining Post-Wildfire Reseeding on
Arid Rangeland: A Multivariate Tobit Modelling Approach.” Ecological Modelling
192(1): 286–98.
Location: Northwestern Nevada
Key Words: Observational Study, General Post-fire Treatment, Erosion Control,
Sagebrush Establishment, Perennial Establishment
Abstract: Despite fire cycles of increasing severity and frequency in the arid western
U.S., very little empirical analysis has examined the success of plant seeding on arid
rangeland following fire. This manuscript uses a unique dataset to assess causal factors
underlying the measured densities, several years after fires, of: (1) unwanted invasive
grasses, (2) seeded grasses, and (3) sagebrush, on rangeland in a western U.S. state. To
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accommodate various characteristics of the data, we employ trivariate tobit maximum
likelihood estimation. Results indicate that the success of reseeding efforts is sensitive
to the timing of and techniques used in reseeding, as well as whether grazing is allowed
on the land. Our findings have broad implications for emergency fire rehabilitation
management and policy for rangelands in the western U.S., as well as arid and semiarid
rangelands elsewhere.
Elseroad, Adrien C., and Nathan T. Rudd. 2011. “Can Imazapic Increase Native Species
Abundance in Cheatgrass (Bromus Tectorum) Invaded Native Plant
Communities?” Rangeland Ecology & Management 64(6): 641–48.
Location:
Key Words: Experimental Plot, Herbicide, Control of Invasive Species , Perennial
Establishment
Abstract: Native plant communities invaded by cheatgrass (Bromus tectorum L.) are at
risk of unnatural high intensity fires and conversion to cheatgrass monocultures.
Management strategies that reduce cheatgrass abundance may potentially allow native
species to expand and minimize further cheatgrass invasion. We tested whether the
selective herbicide imazapic is effective in reducing cheatgrass and ‘‘releasing’’ native
species in a semiarid grassland and shrub steppe in north-central Oregon. The
experiment consisted of a completely randomized design with two treatments (sprayed
with 70 g ai ? ha21 of imazapic and unsprayed) and three replicates of each treatment
applied to either 2.5 or 4 ha plots. We repeated this experiment in three different sites
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dominated by the following native species: 1) bluebunch wheatgrass (Pseudoroegneria
spicata [Pursh] A. Lo¨ve ssp. spicata) and needle and thread (Hesperostipa comata [Trin.
& Rupr.] Barkworth), 2) needle and thread and Sandberg bluegrass (Poa secunda J.
Presl), and 3) big sagebrush (Artemisia tridentata Nutt.). Nested frequency of all plant
species in 1-m2 quadrats was collected for 1 yr pretreatment and 4 yr posttreatment. In
all three sites, cheatgrass frequencies were significantly lower in sprayed plots than
unsprayed plots for 3–4 yr posttreatment (P , 0.1). Other annual plant species were also
impacted by imazapic, but the effects were highly variable by species and site. Only two
native perennial species, hoary tansyaster (Machaeranthera canescens [Pursh] Gray)
and big sagebrush, increased in sprayed plots, and increases occurred only at two sites.
These results suggest that a short-term reduction in cheatgrass alone is not an effective
strategy for increasing the abundance of most native perennial plant species.
Epanchin-Niell, Rebecca, Jeffrey Englin, and Darek Nalle. 2009. “Investing in Rangeland
Restoration in the Arid West, USA: Countering the Effects of an Invasive Weed on
the Long-Term Fire Cycle.” Journal of Environmental Management 91(2): 370–79.
Location:
Key Words: Literature Review, Native vs. Introduced (Compare)
Abstract: In large areas of the arid western United States, much of which are federally
managed, fire frequencies and associated management costs are escalating as
flammable, invasive cheatgrass (Bromus tectorum) increases its stronghold. Cheatgrass
invasion and the subsequent increase in fire frequency result in the loss of native
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vegetation, less predictable forage availability for livestock and wildlife, and increased
costs and risk associated with firefighting. Revegetation following fire on land that is
partially invaded by cheatgrass can reduce both the dominance of cheatgrass and its
associated high fire rate. Thus restoration can be viewed as an investment in fireprevention and, if native seed is used, an investment in maintaining native vegetation
on the landscape. Here we develop and employ a Markov model of vegetation
dynamics for the sagebrush steppe ecosystem to predict vegetation change and
management costs under different intensities and types of post-fire revegetation. We
use the results to estimate the minimum total cost curves for maintaining native
vegetation on the landscape and for preventing cheatgrass dominance. Our results show
that across a variety of model parameter possibilities, increased investment in post-fire
revegetation reduces long-term fire management costs by more than enough to offset
the costs of revegetation. These results support that a policy of intensive post-fire
revegetation will reduce long-term management costs for this ecosystem, in addition to
providing environmental benefits. This information may help justify costs associated
with revegetation and raise the priority of restoration in federal land budgets.
Ferguson, Scot Douglas. 2012. “Investigations of Physiological and Competitive
Relationships of Elymus Species Related to Establishment in the Great Basin,
USA.” Thesis. https://scholarworks.unr.edu//handle/11714/3684 (October 17,
2019).
Location:
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Key Words: Greenhouse/Grow Room study, Native plant traits/shifts
Abstract: The Great Basin of western North America is rapidly being invaded by exotic
annual grasses that decrease cover of native perennial bunchgrasses and shrubs.
Bromus tectorum (cheatgrass) is the most widespread and problematic of the annual
grass invaders in the Great Basin. Restoration in the Great Basin has had limited success.
Restoration success could be related to physiology of native plants in competition for
limiting nutrients: Bromus tectorum employs ruderal strategies of resource acquisition,
is an effective competitor for water and nitrogen, and can cause mortality of natives in
invaded fields as well as prevent establishment of native seedlings. In response to the
survival pressure placed on native communities by invaders, natives may experience
evolutionary changes. Directional selection for plant traits in restored populations may
occur as a result of differential mortality related to the ability to acquire resources. The
goal of this research was to determine what physiological traits of native perennial
grasses lead to successful establishment under Bromus tectorum competition and to
determine if selection for root traits is occurring during restoration. Identification of key
plant traits related to establishment and competition is an important step in selecting
and breeding plant materials with the best chance of success in restoration. Traits
selected during establishment of natives under competition with Bromus tectorum may
give insight into the mechanisms of plant establishment. We focus on Elymus elymoides
and Elymus multisetus because they have wide geographic ranges and have been
identified as good competitors against Bromus tectorum. Results from the first study
indicate that different Elymus seed sources had few differences in their physiology and
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resource acquisition. Bromus tectorum dominated soil water use and nutrient
acquisition at the Elymus seedling stage, but was much less effective in competition
with mature Elymus plants. Competitive effect of mature Elymus plants on Bromus
tectorum was related to water acquisition. Results from the second study show that
directional selection for smaller plants with a higher fraction of root biomass occurred in
two sites in the Great Basin during seeding of Elymus plants. Together, these results are
consistent with selection for traits that allow plants to survive as seedlings in areas of
high Bromus tectorum cover, but not consistent with selection for nutrient acquisition
or competitive ability with Bromus tectorum. Plant selection for effective restoration of
arid rangelands should focus on selecting seedlings for establishment under Bromus
tectorum pressure and mature plants capable of inducing competitive effect through
water acquisition.
Getz, Hilary L., and William L. Baker. 2008. “Initial Invasion of Cheatgrass (Bromus
Tectorum) into Burned Piñon-Juniper Woodlands in Western Colorado.” The
American Midland Naturalist 159(2): 489–97.
Location: Southwestern Colorado
Key Words: Observational Study, Aerial/Broadcast Seeding, Control of Invasive Species,
Perennial Establishment
Abstract: We studied initial invasion of cheatgrass (Bromus tectorum) into burned
pinonjuniper woodlands to determine:
(1) if particular features enhance invasion and
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(2) if particular grasses promote or retard invasion.
We compared cheatgrass cover among roads, burn edges, seeded interiors, unseeded
interiors and unburned woodlands and quantified grasses present or absent near
cheatgrass. Invasion was favored by burn edges, roads and seeded interiors, but not
unseeded interiors. Odds of finding cheatgrass were seven times higher near prairie
junegrass (Koeleria macrantha), but six times lower near James’ galleta (Hilaria jamesii)
and two times lower near intermediate wheatgrass (Agropyron intermedium). Invasion
may be favored:
(1) in burn edges because of higher seed-bank survival,
(2) along roads because of moisture, disturbance and dispersal and
(3) in seeded interiors because of seed-mix contamination or seeded species that
enhance invasion.
Goergen, Erin M., Elizabeth A. Leger, and Erin K. Espeland. 2011. “Native Perennial
Grasses Show Evolutionary Response to Bromus Tectorum (Cheatgrass) Invasion”
ed. J. Harvey. PLoS ONE 6(3): e18145.
Location: Reno, Nevada
Key Words: Greenhouse/Grow Room study, Native plant traits/shifts
Abstract: Invasive species can change selective pressures on native plants by altering
biotic and abiotic conditions in invaded habitats. Although invasions can lead to native
species extirpation, they may also induce rapid evolutionary changes in remnant native
plants. We investigated whether adult plants of five native perennial grasses exhibited
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trait shifts consistent with evolution in response to invasion by the introduced annual
grass Bromus tectorum L. (cheatgrass), and asked how much variation there was among
species and populations in the ability to grow successfully with the invader. Three
hundred and twenty adult plants were collected from invaded and uninvaded
communities from four locations near Reno, Nevada, USA. Each plant was divided in two
and transplanted into the greenhouse. One clone was grown with B. tectorum while the
other was grown alone, and we measured tolerance (ability to maintain size) and the
ability to reduce size of B. tectorum for each plant. Plants from invaded populations
consistently had earlier phenology than those from uninvaded populations, and in two
out of four sites, invaded populations were more tolerant of B. tectorum competition
than uninvaded populations. Poa secunda and one population of E. multisetus had the
strongest suppressive effect on B. tectorum, and these two species were the only ones
that flowered in competition with B. tectorum. Our study indicates that response to B.
tectorum is a function of both location and species identity, with some, but not all,
populations of native grasses showing trait shifts consistent with evolution in response
to B. tectorum invasion within the Great Basin.
Grant-Hoffman, Madeline N., and Heidi L. Plank. 2021. “Practical Postfire Sagebrush
Shrub Restoration Techniques.” Rangeland Ecology and Management 74(1): 1–8.
Location: Western Colorado and Eastern Utah
Key Words: Experimental Plot, Herbicide, Planting, Sagebrush Establishment

99
Abstract: Wildfire is increasing in frequency and size in the western United States with
climate change and invasive species such as cheatgrass. This increase is also causing an
increase in the need for restoration techniques, especially in low-elevation, arid
shrublands. Sagebrush shrublands are home to the threatened Gunnison sage-grouse
and can take decades, if not longer, to recover after fire. We investigated managementfriendly restoration techniques aimed at increasing sagebrush cover in a sagebrush
system important to Gunnison sage-grouse and impacted by fire in western Colorado.
We tested several restoration techniques that could be replicated in management
actions to mitigate stressors on sagebrush recruitment, specifically herbivory by large
ungulates, water limitation, and competition with other plants. We found that
sagebrush grew and survived better when planted as transplanted seedlings versus
seeds, when planted in areas where herbicide had been applied versus when vegetation
was removed by hand tools, and when caged to prevent herbivory than when not caged.
Surprisingly, providing supplementary water did not improve sagebrush transplant
growth or survival over use of a microsite (small structure made of wood collected from
the burn scar). Constructed microsites were meant to provide protection from wind,
retain moisture, and provide shade. Overall, our results indicate that if sagebrush
seedlings are provided shelter and structure, then survival can approach natural (not
planted) rates and sagebrush can be successfully established in low-elevation sites.
Gunnell, Kevin L., Thomas A. Monaco, Christopher A. Call, and Corey V. Ransom. 2010.
“Seedling Interference and Niche Differentiation between Crested Wheatgrass
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and Contrasting Native Great Basin Species.” Rangeland Ecology & Management
63(4): 443–49.
Location:
Key Words: Greenhouse/Grow Room study, Native vs. Introduced (Compare), Native
Species Establishment
Abstract: Interference from crested wheatgrass (Agropyron cristatum [L.]
Gaertn.) seedlings is considered a major obstacle to native species establishment
in rangeland ecosystems; however, estimates of interference at variable seedling
densities have not been defined fully. We conducted greenhouse experiments using an
addition-series design to characterize interference between crested wheatgrass and
four key native species. Crested wheatgrass strongly interfered with the aboveground
growth of Wyoming big sagebrush (Artemisia tridentata Nutt.
subsp. wyomingensis Beetle & Young), rubber rabbitbrush (Ericameria nauseosa [Pall. ex
Pursh] G. L. Nesom & Baird subsp. consimilis [Greene] G. L. Nesom & Baird), and to a
lesser extent with bluebunch wheatgrass (Pseudoroegneria spicata [Pursh] A. Löve).
Alternatively, bottlebrush squirreltail (Elymus elymoides [Raf.] Swezey
subsp. californicus [J. G. Sm.] Barkworth) and crested wheatgrass had similar effects on
each other’s growth, and interference ratios were near 1.0. Results indicate that the
native grasses more readily establish in synchrony with crested wheatgrass than these
native shrubs, but that once established, the native shrubs are more likely to coexist and
persist with crested wheatgrass because of high niche differentiation (e.g., not limited
by the same resource). Results also suggest that developing strategies to minimize
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interference from crested wheatgrass seedlings emerging from seed banks will enhance
the establishment of native species seeded into crested wheatgrass–dominated
communities.
Hardegree, Stuart P. et al. 2016. “Assessment of Range Planting as a Conservation
Practice.” Rangeland Ecology & Management 69(4): 237–47.
Location: NA
Key Words: Literature Review, Drill Seed
Abstract: Natural Resource Conservation Service Range Planting − Conservation Practice
Standards provide guidelines for making decisions about seedbed preparation, planting
methods, plant materials selection, seeding rate, seeding depth, timing of seeding,
postplanting management, and weed control. Adoption of these standards is expected
to contribute to successful improvement of vegetation composition and productivity of
grazed plant communities. Also expected are some specific conservation effects, such as
improved forage for livestock; improved forage, browse, or cover for wildlife; improved
water quality and quantity; reduced wind or water erosion; and increased carbon
sequestration. The success of specific conservation practices and the magnitude of
conservation effects are highly dependent on ecological-site characteristics, the initial
degree of deviation from desired site characteristics, and weather, all of which are
highly variable in both time and space. Previous research has produced few studies
directly linking range planting conservation practices to conservation effects.
Assessment of conservation effects attributed to rangeland planting practices must,
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therefore, be separated into two components: 1) evidence of the degree to which
specific management practices have been shown to result in desirable vegetation
change and 2) evidence supporting positive conservation effects of alternative
vegetation states. The aggregate literature generally supports both 1) the existing
conservation practice recommendations for rangeland seeding and 2) the inherent
assumption that if these practices are successful, they will result in beneficial
conservation effects. High spatial and temporal variability in these systems, however,
may limit the success of generic or prescriptive management practices. Current
conservation practice recommendations could be improved by incorporating more
direct linkages to the ecologically based technical literature, more up-to-date
information on adaptive management strategies in highly variable rangeland systems,
and integration of monitoring strategies designed to directly test the efficacy of specific
conservation practices.
Hilty, Julie H. et al. 2004. “Recovery of Biological Soil Crusts Following Wildfire in Idaho.”
Rangeland Ecology and Management 57(1): 89–96.
Location: Boise, Idaho
Key Words: Observational Study, Drill Seeding, Soil Biological Crust
Abstract: Invasion of sagebrush steppe by exotic annual grasses has modified the
structure of shrubland communities over much of the western United States by
increasing fuel loads and therefore the frequency of wildfire. Active revegetation with
perennial species that encourage the growth of biological soil crusts is critical on many
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burned sites to prevent dominance by exotic, weedy vegetation. However, active
regeneration is likely to lead to a disruption of the soil surface and impact adversely on
soil crust communities which are important for stability and functioning of shrub
communities. We examined the recovery of biological soil crusts on sagebrush steppe
following wildfire. Burning resulted in significantly reduced shrub cover and enhanced
annual grass and annual forb cover compared with unburned sites. Burning also resulted
in substantially reduced diversity and richness of crust taxa, increased cover of short
mosses, but reduced cover of lichens and tall mosses growing on the shrub hummocks.
Postfire recovery of perennial grasses and biological soil crusts was greatest on seeded
sites compared with unseeded sites dominated by exotic grasses, despite the
disturbance associated with the rangeland seeding treatment. Our results indicate that
seeding is necessary to facilitate recovery of biological soil crusts and hasten the
development of the perennial component of the shrubland and therefore increase
landscape structure. These findings suggest that seeding perennial grasses and resting
from livestock grazing reduces exotic annual grasses after fire and benefits native
mosses.
Hulet, April, Bruce A. Roundy, and Brad Jessop. 2010. “Crested Wheatgrass Control and
Native Plant Establishment in Utah.” Rangeland Ecology & Management 63(4):
450–60.
Location: Northern Utah
Key Words: Experimental Plot, Native vs. Introduced (Compare), Herbicide
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Abstract: Effective control methods need to be developed to reduce crested wheatgrass
(Agropyron cristatum [L.] Gaertner) monocultures and promote the establishment of
native species. This research was designed to determine effective ways to reduce
crested wheatgrass and establish native species while minimizing weed invasion. We
mechanically (single- or double-pass disking) and chemically (1.1 L · ha−1 or
3.2 L · ha−1 glyphosate–Roundup Original Max) treated two crested wheatgrass sites in
northern Utah followed by seeding native species in 2005 and 2006. The study was
conducted at each site as a randomized block split plot design with five blocks. Following
wheatgrass-reduction treatments, plots were divided into 0.2-ha subplots that were
either unseeded or seeded with native plant species using a Truax Rough Rider
rangeland drill. Double-pass disking in 2005 best initially controlled wheatgrass and
decreased cover from 14% to 6% at Lookout Pass and from 14% to 4% at Skull Valley in
2006. However, crested wheatgrass recovered to similar cover percentages as untreated
plots 2–3 yr after wheatgrass-reduction treatments. At the Skull Valley site, cheatgrass
cover decreased by 14% on herbicide-treated plots compared to an increase of 33% on
mechanical-treated plots. Cheatgrass cover was also similar on undisturbed and treated
plots 2 yr and 3 yr after wheatgrass-reduction treatments, indicating that wheatgrass
recovery minimized any increases in weed dominance as a result of disturbance. Native
grasses had high emergence after seeding, but lack of survival was associated with short
periods of soil moisture availability in spring 2007. Effective wheatgrass control may
require secondary treatments to reduce the seed bank and open stands to dominance
by seeded native species. Manipulation of crested wheatgrass stands to restore native
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species carries the risk of weed invasion if secondary treatments effectively control the
wheatgrass and native species have limited survival due to drought.
Hull, A. C. 1974. “Species for Seeding Arid Rangeland in Southern Idaho.” Journal of
Range Management 27(3): 216–18.
Location: Southern Idaho
Key Words: Literature Review, Perennial Establishment, Drill Seeding
Abstract: Ninety species were seeded in 2,450 range plots in 60 studies on depleted
rangelands and on abandoned dry farmland in the sagebrush region in southern Idaho.
Seedings range from 20 to 40 years old. Crested and fairway wheatgrasses were the
most successful species on the drier sagebrush sites, and intermediate and pubescent
wheatgrasses on the moister sites. Russian wildrye was good in southeastern Idaho,
especially on saline lands. Western and Siberian wheatgrasses had some good stands
but were not consistently successful. Good seedbed preparation and control of
competing vegetation are necessary to get good stands of seeded species. Good seeded
stands produced from 800 to 1,800 lb herbage per acre, as compared to 45 to 200 lb
before seeding.
Jessop, Brad D., and Val Jo Anderson. 2007. “Cheatgrass Invasion in Salt Desert
Shrublands: Benefits of Postfire Reclamation.” Rangeland Ecology &
Management 60(3): 235–43.
Location:
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Key Words: Observational Study, Control of Invasive Species, Drill Seeding, Perennial
Establishment
Abstract: In 1998, fires burned more than 11,330 ha of rangeland on Dugway Proving
Ground in Utah's west desert. Postfire revegetation was implemented in 2 affected salt
desert shrub communities (greasewood; Sarcobatus vermiculatus Hook. and black
sagebrush/shadscale; Artemisia nova A. Nels; Atriplex confertifolia Torr. & Frem.) to
deter cheatgrass (Bromus tectorum L.) encroachment. We monitored cheatgrass
densities for 3 years after the fire in burned drill seeded, burned not-seeded, and
unburned plots to assess the rate of invasion and determine the impact on cheatgrass of
drill seeding perennial species. Cheatgrass invaded quickly in both shrub sites following
the fires. In the greasewood site, drill seeded species germinated but did not establish.
This was likely due to a combination of soil salinity and extremely dry weather
conditions during the second year of the study. Drill seeded species in the black
sagebrush site germinated and established well, resulting in the establishment of 16.5
perennial grasses · m-2 and 1 356 shrubs · ha-1. Cheatgrass densities were consistently
lower in drill seeded versus not-seeded plots, although these were not always
statistically different when Bonferroni comparisons were considered. The initial
decrease in cheatgrass densities in drill seeded plots may have resulted from soil
disturbance coupled with extremely low precipitation rather than competitive effects.
Nevertheless, as seeded species mature and increase their competitive ability, we
predict long-term suppression of cheatgrass in the absence of further disturbance.
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Knutson, Kevin C. et al. 2014. “Long-Term Effects of Seeding after Wildfire on Vegetation
in Great Basin Shrubland Ecosystems.” Journal of Applied Ecology 51(5): 1414–
24.
Location: Various Locations across the Great Basin, USA
Key Words: Literature Review, Aerial/Broadcast Seeding, Drill Seeding, Perennial
Establishment
Abstract:
1. Invasive annual grasses alter ﬁre regimes in shrubland ecosystems of the western
USA, threatening ecosystem function and fragmenting habitats necessary for shrubobligate species such as greater sage-grouse. Post-ﬁre stabilization and rehabilitation
treatments have been administered to stabilize soils, reduce invasive species spread and
restore or establish sustainable ecosystems in which native species are well
represented. Long-term effectiveness of these treatments has rarely been evaluated.
2. We studied vegetation at 88 sites where aerial or drill seeding was implemented
following ﬁres between 1990 and 2003 in Great Basin (USA) shrublands. We examined
sites on loamy soils that burned only once since 1970 to eliminate confounding effects
of recurrent ﬁre and to assess soils most conducive to establishment of seeded species.
We evaluated whether seeding provided greater cover of perennial seeded species than
burned–unseeded and unburned– unseeded sites, while also accounting for
environmental variation.
3. Post-ﬁre seeding of native perennial grasses generally did not increase cover relative
to burned–unseeded areas. Native perennial grass cover did, however, increase after
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drill seeding when competitive non-natives were not included in mixes. Seeding nonnative perennial grasses and the shrub Bassia prostrata resulted in more vegetation
cover in aerial and drill seeding, with non-native perennial grass cover increasing with
annual precipitation. Seeding native shrubs, particularly Artemisia tridentata, did not
increase shrub cover or density in burned areas. Cover of undesirable, non-native
annual grasses was lower in drill seeded relative to unseeded areas, but only at higher
elevations.
4. Synthesis and applications. Management objectives are more likely to be met in high
elevation or precipitation locations where establishment of perennial grasses occurred.
On lower and drier sites, management objectives are unlikely to be met with seeding
alone. Intensive restoration methods such as invasive plant control and/or repeated
sowings after establishment failures due to weather may be required in subsequent
years. Managers might consider using native-only seed mixtures when establishment of
native perennial grasses is the goal. Post-ﬁre rehabilitation provides a land treatment
example where long-term monitoring can inform adaptive management decisions to
meet future objectives, particularly in arid landscapes where recovery is slow.
Kulpa, S. M., E. A. Leger, E. K. Espeland, and E. M. Goergen. 2012. “Postfire Seeding and
Plant Community Recovery in the Great Basin.” Rangeland Ecology &
Management 65(2): 171–81.
Location: Elko, Nevada
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Key Words: Observational Study, Perennial Establishment, Control of Invasive Species,
Native Species Establishment, Drill Seeding, Aerial/Broadcast Seeding
Abstract: As wildland fire frequency increases around the globe, a better understanding
of the patterns of plant community recovery in burned landscapes is needed to improve
rehabilitation efforts. We measured establishment of seeded species, colonization of
Bromus tectorum and other nonnative annual plants, and recovery of nonseeded native
species in topographically distinct areas within five fires that burned Great Basin shrubsteppe communities in Elko County, Nevada. Plant density, frequency, and cover data
were collected annually for 4 yr postfire. Vegetation composition varied among flat
areas and north-and south-facing aspects, and changed over the course of the sampling
period; recovery varied among sites. In general, B. tectorum densities were higher on
south aspects, particularly 3 and 4 yr after fire, when densities increased dramatically
relative to prefire conditions. Nonseeded native perennial grasses, forbs, and shrubs
were abundant in three of the five fire sites, and were more likely to be present on
north aspects and flat areas. Over time, nonseeded perennial grass densities remained
relatively constant, and nonseeded forbs and shrubs increased. Seeded species were
most likely to establish in flat areas, and the density of seeded perennial grasses, forbs,
and shrubs decreased over time. Frequency and density measurements were highly
correlated, especially for perennial species. Our results emphasize the value of
considering site aspect and the potential for native regrowth when planning and
monitoring restorations. For example, effective rehabilitation of south aspects may
require the development of new restoration methods, whereas north aspects and flat
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areas in sites with a strong native component were not improved by the addition of
seeded species, and may require weed control treatments, rather than reseeding, to
improve recovery. Tailoring revegetation objectives, seed mixes, seeding rates, and
monitoring efforts to conditions that vary within sites may lead to more cost effective
and successful restoration.
Kulpa, Sarah M, and Elizabeth A Leger. 2013. “Strong Natural Selection during Plant
Restoration Favors an Unexpected Suite of Plant Traits.” Evolutionary
Applications 6(3): 510–23.
Location: Nevada and Idaho
Key Words: Greenhouse/Grow Room study, Native plant traits/shifts
Abstract: Restoration is an opportunity to study natural selection: One can measure the
distribution of traits in source propagules used to found populations, compare this with
the distribution of traits in successful recruits, and determine the strength and direction
of selection on potentially adaptive traits. We investigated whether natural selection
inﬂuenced seedling establishment during postﬁre restoration in the Great Basin, an area
where large-scale restoration occurs with a few widely available cultivars planted over a
large range of environmental conditions. We collected seeds from established plants of
the perennial grass Elymus elymoides ssp. californicus (squirreltail) at two restoration
sites and compared the distribution of phenotypic traits of surviving plants with the
original pool of restoration seeds. Seeds were planted in common gardens for two
generations. Plants grown from seeds that established in the ﬁeld were a nonrandom
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subset of the original seeds, with directional selection consistently favoring a correlated
suite of traits in both ﬁeld sites: small plant and seed size, and earlier ﬂowering
phenology. These results demonstrate that natural selection can affect restoration
establishment in strong and predictable ways and that adaptive traits in these sites were
opposite of the current criteria used for selection of restoration material in this system.
Kyser, Guy B., Robert G. Wilson, Jimin Zhang, and Joseph M. DiTomaso. 2013.
“Herbicide-Assisted Restoration of Great Basin Sagebrush Steppe Infested With
Medusahead and Downy Brome.” Rangeland Ecology and Management 66(5):
588–96.
Location: Northeastern California
Key Words: Experimental Plot, Herbicide, Perennial Establishment, Control of Invasive
Species, Native Species Establishment
Abstract: Downy brome or cheatgrass (Bromus tectorum) and medusahead
(Taeniatherum caput-medusae) are the most problematic invasive annual grasses in
rangelands of the western United States, including sagebrush communities that provide
habitat to sage-grouse. Rehabilitation of infested sites requires effective weed control
strategies combined with seeding of native plants or desirable competitive species. In
this study, we evaluated the effect of three fall-applied pre-emergence herbicides
(imazapic, rimsulfuron, and chlorsulfuron sulfometuron), and one spring-applied
postemergence herbicide (glyphosate) on the control of downy brome and medusahead
and the response of seeded perennial species and resident vegetation in two sagebrush
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communities in northeastern California. All pre-emergence treatments gave > 93%
control of both invasive species at both sites in the first year. Glyphosate was less
consistent, giving > 94% control at one site and only 61% control of both species at the
other site. Imazapic was the only herbicide to maintain good control (78–88%) of both
species 2 yr after treatment. No herbicide caused detectible long-term damage to either
perennial grasses or annual forbs, and imazapic treatment resulted in an increase in
resident native forb cover 3 yr after treatment. Broadcast seeding with or without soil
incorporation did not result in successful establishment of perennial species, probably
due to below-average precipitation in the year of seeding. These results indicate that
several chemical options can give short-term control of downy brome and medusahead.
Over the course of the study, imazapic provided the best management of both invasive
annual grasses while increasing native forb cover.
Leffler, A. Joshua, Thomas A. Monaco, Jeremy J. James, and Roger L. Sheley. 2016.
“Importance of Soil and Plant Community Disturbance for Establishment of
Bromus Tectorum in the Intermountain West, USA.” NeoBiota 30: 111–25.
Location: Eastern Idaho
Key Words: Experimental Plot, Clipping/Mowing, Herbicide
Abstract: The annual grass Bromus tectorum has invaded millions of hectares in western
North America and has transformed former perennial grass and shrub-dominated
communities into annual grasslands. Fire plays a key role in the maintenance of B.
tectorum on the landscape but the type of disturbance responsible for initial invasion is
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less well understood. We conducted an experiment in a perennial shrub/grass/forb
community in eastern Idaho, USA to examine the roles of plant community and soil
disturbance on B. tectorum emergence and establishment prior to state-changing fires.
Our experiment consisted of a plant community disturbance treatment where we (1)
removed the shrub component, (2) removed the grass/forb component, or (3) removed
all shrubs, grasses, and forbs. We followed this treatment with seeding of B. tectorum
onto the soil surface that was (1) intact, or (2) disturbed. Each experimental plot had an
associated control with no plant community disturbance but was seeded in the same
manner. The experiment was replicated 20 times in two sites (high and low
aboveground biomass). We measured emergence by counting seedlings in late spring
and establishment by counting, removing, and weighing B. tectorum individuals in midsummer. We also examined the influence of plant community disturbance on the soil
environment by measuring extractable NH4 + and NO3 – four times each summer. Soil
disturbance greatly influenced the number of B. tectorum individuals that emerged each
spring. Plant community disturbance, specifically disturbance of the grass/forb
component, increased N availability in the late growing season and biomass of B.
tectorum the following summer. We conclude that soil disturbance and plant
community disturbance interact to promote the initial invasion of B. tectorum in
Intermountain West valley ecosystems.
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Leger, Elizabeth A. 2008. “The Adaptive Value of Remnant Native Plants in Invaded
Communities: An Example from the Great Basin.” Ecological Applications 18(5):
1226–35.
Location: Bordertown, California
Key Words: Greenhouse/Grow Room study, Native plant traits/shifts
Abstract: Changes in the species composition of biotic communities may alter patterns
of natural selection occurring within them. Native perennial grass species in the
Intermountain West are experiencing a shift in the composition of interspeciﬁc
competitors from primarily perennial species to an exotic, annual grass. Thus traits that
confer an advantage to perennial grasses in the presence of novel annual competitors
may evolve in invaded communities. Here I show that such traits are apparent in
populations of a native perennial grass, big squirreltail (Elymus multisetus M.E. Jones),
exposed to cheatgrass (Bromus tectorum L.) competitors. Dormant big squirreltail plants
were collected from cheatgrass-invaded and uninvaded sites near Bordertown,
California, USA, a mid-elevation (1600 m) sagebrush community, and transplanted into
pots in a greenhouse. Individual plants were split into equal halves. One half was grown
with competition from cheatgrass, and the other half was grown without competition.
Plants collected from invaded sites responded more quickly to watering, growing more
leaves in the ﬁrst 10 days after transplanting. In addition, big squirreltail plants collected
from invaded areas experienced a smaller decrease in plant size when grown with
competition than did plants collected from uninvaded areas. Accordingly, while there
were fewer big squirreltail individuals in the invaded sites, they were more competitive
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with cheatgrass than were the more abundant conspeciﬁcs in nearby uninvaded areas.
It is possible that annual grasses were the selective force that caused these population
differences, which may contribute to the long-term persistence of the native
populations. While it is tempting to restore degraded areas to higher densities of natives
(usually done by bringing in outside seed material), such actions may impede long-term
adaptation to new conditions by arresting or reversing the direction of ongoing natural
selection in the resident population. If hot spots of rapid evolutionary change can be
identiﬁed within invaded systems, these areas should be managed to promote desirable
change and could serve as possible sources of restoration material or reveal traits that
should be prioritized during the development of restoration seed material.
Leger, Elizabeth A., and Owen W. Baughman. 2015. “What Seeds to Plant in the Great
Basin? Comparing Traits Prioritized in Native Plant Cultivars and Releases with
Those That Promote Survival in the Field.” Natural Areas Journal 35(1): 54–68.
Location: Nevada
Key Words: Literature Review, Native plant traits/shifts, Aerial/Broadcast Seeding, Drill
Seeding
Abstract: Restoration in the Great Basin is typically a large-scale enterprise, with aerial,
drill, and broadcast seeding of perennial species common after wildﬁres. Arid conditions
and invasive plants are signiﬁcant barriers to overcome, but relatively simple changes to
seeds used for restoration may improve success. Here we summarize: 1) the
composition of seed mixes used in recent postﬁre seedings in Nevada, 2) traits that
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were valued when cultivars and other native seed materials were named and released,
and 3) traits that have been demonstrated to increase native perennial grass
performance in invaded systems. A review of 420 seeding treatments on public
shrublands in Nevada between 2006 and 2009 indicated that native perennial grasses
and native shrubs were most frequently included in these projects, followed by exotic
and native forbs, and lastly, exotic perennial grasses. Native perennial grasses made up
the bulk of seeds used in these treatments, with multiple species of grasses (average of
3.4 species) typically seeded per treatment, while the richness of other functional
groups in seed mixes was closer to 1 species per treatment. Traits prioritized in cultivars
and native seed material releases included, in order of frequency: forage quality and
yield, seed yield, seedling vigor, ability to establish and persist, and drought tolerance,
with many other traits mentioned with less frequency. Traits that had consistent
support for improving native perennial grass performance in the ﬁeld were related to
early phenology, small size, and higher root allocation. Further tests to determine which
traits improve shrub and forb establishment under ﬁeld conditions could further reﬁne
seed source selection, and help maintain diversity in Great Basin systems.
Maestas, Jeremy D. et al. 2016. “Tapping Soil Survey Information for Rapid Assessment
of Sagebrush Ecosystem Resilience and Resistance.” Rangelands 38(3): 120–28.
Location:
Key Words: Literature Review
Abstract:
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• Emerging applications of ecosystem resilience and resistance concepts in sagebrush
ecosystems allow managers to better predict and mitigate impacts of wildfire and
invasive annual grasses.
• Widely available soil survey information can be harnessed to spatially depict and
evaluate relative resilience and resistance from regional to site scales.
• New products and tools illustrate how managers can use soils data to inform rapid risk
assessments, determine appropriate management strategies, and prioritize resources to
maintain and restore functioning sagebrush ecosystems.
Miller, Mark E., Matthew A. Bowker, Richard L. Reynolds, and Harland L. Goldstein.
2012. “Post-Fire Land Treatments and Wind Erosion – Lessons from the Milford
Flat Fire, UT, USA.” Aeolian Research 7: 29–44.
Location: West-central Utah
Key Words: Observational Study, Erosion Control, Aerial/Broadcast Seeding, Chaining,
Drill Seeding
Abstract: We monitored sediment flux at 25 plots located at the northern end of the
2007 Milford Flat Fire (Lake Bonneville Basin, west-central Utah) to examine the
effectiveness of post-fire rehabilitation treatments in mitigating risks of wind erosion
during the first 3 years post-fire. Maximum values were recorded during Mar–Jul 2009
when horizontal sediment fluxes measured with BSNE samplers ranged from 16.3 to
1251.0 g m−2 d−1 in unburned plots (n = 8; data represent averages of three sampler
heights per plot), 35.2–555.3 g m−2 d−1 in burned plots that were not treated (n = 5),
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and 21.0–44,010.7 g m−2 d−1 in burned plots that received one or more rehabilitation
treatments that disturbed the soil surface (n = 12). Fluxes during this period exhibited
extreme spatial variability and were contingent on upwind landscape characteristics and
surficial soil properties, with maximum fluxes recorded in settings downwind of treated
areas with long treatment length and unstable fine sand. Nonlinear patterns of wind
erosion attributable to soil and fetch effects highlight the profound importance of
landscape setting and soil properties as spatial factors to be considered in evaluating
risks of alternative post-fire rehabilitation strategies. By Mar–Jul 2010, average flux for
all plots declined by 73.6% relative to the comparable 2009 period primarily due to the
establishment and growth of exotic annual plants rather than seeded perennial plants.
Results suggest that treatments in sensitive erosion-prone settings generally
exacerbated rather than mitigated wind erosion during the first 3 years post fire,
although long-term effects remain uncertain.
Highlights
•

We monitored post-fire sediment flux to evaluate effectiveness of land
treatments designed to mitigate wind erosion.

•

Fluxes exhibited extreme spatial variability and were contingent on upwind
landscape characteristics and soil properties.

•

Declines in fluxes primarily were attributable to establishment of exotic annual
plants rather than seeded perennial plants.

•

In erosion-prone settings, land treatments exacerbated rather than mitigated
wind erosion during the first 3 years post fire.
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•

Wildfire, surface disturbance, and high winds triggered fluxes that rank among
the highest ever recorded in North America.

Morris, Christo, Thomas A. Monaco, and Craig W. Rigby. 2009. “Variable Impacts of
Imazapic Rate on Downy Brome (Bromus Tectorum) and Seeded Species in Two
Rangeland Communities.” Invasive Plant Science and Management 2(2): 110–19.
Location:
Key Words: Experimental Plot, Herbicide, Control of Invasive Species
Abstract: The herbicide imazapic is registered for use on rangelands and provides
effective short-term control of certain invasive annual grasses. However, details about
optimal application rates for downy brome and susceptibility of simultaneously seeded
species are lacking. Thus, we investigated downy brome and seeded species responses
to variable rates of imazapic (0, 35, 70, 105, and 140 g ai/ha) in two plant communities
(salt desert shrub and Wyoming big sagebrush). In autumn 2003, plots were treated
with imazapic and seeded with one of five perennial plant materials (Siberian
wheatgrass [‘Vavilov’ and the experimental source Kazak]; prostrate kochia [‘Immigrant’
and the experimental source 6X], and Russian wildrye [‘Bozoisky II’]). Downy brome
cover and seeded species establishment were evaluated in spring 2004 and 2006.
Downy brome cover in 2004 decreased with increasing imazapic rate at both sites,
although more so at the Wyoming big sagebrush site. In 2006, no difference in downy
brome cover existed among herbicide rates at the Wyoming big sagebrush site. At the
salt desert shrub site, the high rate of imazapic reduced downy brome cover by about
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25% compared to untreated plots. ‘Vavilov’ Siberian wheatgrass was the only seeded
species with lower downy brome cover in 2006 than 2004. Seeded species
establishment increased with imazapic rate in the salt desert shrub community, but in
the Wyoming big sagebrush community it peaked at intermediate rates and declined at
higher rates. Variation in downy brome control and seeded species establishment might
have been associated with differences in precipitation, soil organic matter, and
disturbance history between sites. Overall, imazapic was useful for helping establish
desirable perennial species, but unless downy brome is reduced below a critical
threshold, favorable precipitation can return sites to pretreatment levels within two
years.
Morris, Christo, Lesley R. Morris, and Cheryl Surface. 2016. “Spring Glyphosate
Application for Selective Control of Downy Brome ( Bromus Tectorum L.) on
Great Basin Rangelands.” Weed Technology 30(1): 297–302.
Location: Reno, Nevada
Key Words: Experimental Plot, Herbicide, Control of Invasive Species, Perennial
Establishment
Abstract: Downy brome has converted millions of hectares of Great Basin rangelands
from shrubland to annual grass-dominated systems. Methods for removing downy
brome from sites that already have perennial grasses established are especially needed
because of the difficulty in re-establishing perennial species. In this study, early spring
applications of glyphosate alone and glyphosate plus imazapic were monitored for 2 yr.
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Cover of downy brome was reduced from 45 to 10% by spring application of glyphosate
alone and to approximately 1% with the addition of imazapic. Perennial grass cover was
not affected by the spring application of glyphosate. The addition of imazapic reduced
perennial grass cover in the first year; however, it recovered by the second year. The
selective response to glyphosate may be due to differences in growth stage or
dormancy characteristics between annual and perennial species. Our findings suggest
spring application of glyphosate may provide an alternative approach for managing
annual grasses on Great Basin rangelands.
Ott, Jeffrey E., E. Durant McArthur, and Bruce A. Roundy. 2003. “Vegetation of Chained
and Non-Chained Seedings after Wildfire in Utah.” Journal of Range
Management 56(1): 81–91.
Location: West-central Utah
Key Words: Observational Study, Aerial/Broadcast Seeding, Chaining, Perennial
Establishment
Abstract: After wildfires in 1996 in the sagebrush (Artemisia spp.) and pinyon-juniper
(Pinus spp.-Juniperus spp.) zones of west-central Utah, the USDI-BLM attempted to
reduce soil erosion and cheatgrass proliferation (Bromus tectorum L.) through
rehabilitation treatments. We compared the vegetation of aerially seeded, chained
treatments with aerially seeded but non-chained treatments for 3 years following
seeding. Vegetation cover increased significantly in both treatments between the first
and second year, concurrent with above-average precipitation. By the second year,

122
seeded grasses, primarily crested wheatgrass [Agropyron cristatum (L.) Gaertn.] and
intermediate wheatgrass [Elymus hispidus (Opiz) Meld. and Elymus elongatus (Host)
Runem.], dominated the chained treatment while cheatgrass dominated the nonchained treatment. Seeded grass establishment in non-chained areas was highest
beneath dead trees on steep northeast-facing slopes. The first year following the fires,
frequency of most annual species and some native perennial species was higher in the
non-chained than chained treatment. Native species richness and diversity declined in
both treatments between the first and third year following the fires due to the loss of
early-seral native annuals and probably because of climatic factors and competition
from seeded grasses and cheatgrass. This study reaffirmed the utility of aerial seeding
followed by chaining as a rehabilitation technique for rapid establishment of standard
plant materials and suppression of cheatgrass, although the implications for soil
protection were less clear. Maintenance of native biodiversity on public lands will
require greater development and use of native plant materials for wildfire
rehabilitation. Planning for future rehabilitation needs is important in light of continuing
wildfire risks.
Owen, Suzanne, Carolyn Sieg, and Catherine Gehring. 2011. “Rehabilitating Downy
Brome (Bromus Tectorum)–Invaded Shrublands Using Imazapic and Seeding with
Native Shrubs.” Invasive Plant Science and Management 4: 223–33.
Location: Northern Arizona
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Key Words: Experimental Plot, Greenhouse/Grow Room study, Herbicide, Control of
Invasive Species
Abstract: Rehabilitation of downy brome-infested shrublands is challenging once this
invasive grass dominates native communities. The effectiveness of imazapic herbicide in
reducing downy brome cover has been variable, and there is uncertainty about the
impacts of imazapic on native species. We used a before-after-control-impact (BACI)
field experiment and greenhouse studies to (1) determine if imazapic herbicide applied
at 132 g ai ha-1 (8 oz/ac-1) and seeding with two native shrub species (Wyoming big
sagebrush [Artemisia tridentata] and Mexican cliffrose [Purshia mexicana]) reduced
downy brome cover and promoted shrub establishment, (2) assess potential effects of
imazapic on nontarget plant species and plant community composition, and (3)
determine if imazapic affected downy brome or seeded shrub species when applied at
different developmental stages. Seeding shrubs, alone, or in combination with imazapic
application, did not significantly increase shrub density, possibly because of droughty
conditions. In the field, imazapic reduced downy brome cover by 20% and nontarget
forb cover by 25% and altered plant community composition the first year after
treatment. Imazapic was lethal to downy brome at all growth stages in the greenhouse
and reduced shrub germination by 50 to 80%, but older shrub seedlings were more
tolerant of the herbicide. We conclude that a one-time application of imazapic
combined with seeding shrubs was only slightly effective in rehabilitating areas with
high downy brome and thatch cover and resulted in short-term impacts to nontarget
species. These results highlight the need to treat downy brome infestations before they
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become too large. Also, removing thatch prior to treating with imazapic, although likely
lethal to the native shrubs we studied, could increase the effectiveness of imazapic.
Pierson, Frederick B., Wilbert H. Blackburn, and Steven S. Van Vactor. 2007. “Hydrologic
Impacts of Mechanical Seeding Treatments on Sagebrush Rangelands.”
Rangeland Ecology & Management 60(6): 666–74.
Location: Mountain Home, Idaho
Key Words: Experimental Plot, Prescribed Fire, Drill Seeding, Aerial/Broadcast Seeding,
Erosion Control
Abstract: In and around the Great Basin, United States, restoration of shrub steppe
vegetation is needed where rangelands are transitioning to annual grasslands.
Mechanical seedbed preparation can aid native species recovery by reducing annual
grass competition. This study was designed to investigate the nature and persistence of
hydrologic and erosion impacts caused by different mechanical rangeland seeding
treatments and to identify interactions between such impacts and related soil and
vegetation properties. A cheatgrass (Bromus tectorum L.)–dominated site was burned
and seeded with native grasses and shrubs in the fall of the year. An Amazon-drill and a
disk-chain seeder were used to provide varying levels of surface soil disturbance. An
undisturbed broadcast seeding was used as a control. Simulated rainfall was applied to 6
large (32.5-m2) plots per treatment over 3 growing seasons at a rate of 63.5 mm · h-1.
Rainfall was applied for 60 minutes under dry antecedent moisture conditions and for
30 minutes, 24 hours later under wet antecedent moisture conditions. The disk-chain
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created the largest reduction in infiltration and increase in sediment yield, which lasted
for 3 growing seasons posttreatment. The Amazon-drill had a lesser impact, which was
insignificant after the second growing season posttreatment. Surface soil properties
showed little correlation with treatment-induced hydrologic and erosion impacts.
Hydrologic recovery was strongly correlated with litter dynamics. The seeding
treatments were unsuccessful at establishing seeded plant species, and the site once
again became dominated by cheatgrass. A continuous upward trend in biomass
production and surface litter cover was observed for all treatments between the
beginning and end of the study because of cheatgrass invasion. Although the initial goal
of using mechanical seeding treatments to enhance recovery of native grass species
failed, cheatgrass production provided sufficient biomass to rapidly replenish surface
litter cover necessary for rapid hydrologic stability of the site.
Pyke, David et al. 2014. “Region-Wide Ecological Responses of Arid Wyoming Big
Sagebrush Communities to Fuel Treatments.” Rangeland Ecology &
Management 67(5): 455–67.
Location: Nevada, Oregon, Utah, and Washington
Key Words: Experimental Plot, Control of Invasive Species, Perennial Establishment,
Herbicide, Clipping/Mowing, Prescribed fire
Abstract: If arid sagebrush ecosystems lack resilience to disturbances or resistance to
annual invasives, then alternative successional states dominated by annual invasives,
especially cheatgrass (Bromus tectorum L.), are likely after fuel treatments. We
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identified six Wyoming big sagebrush (Artemisia tridentata ssp. wyomingensis Beetle &
Young) locations (152–381 mm precipitation) that we believed had sufficient resilience
and resistance for recovery. We examined impacts of woody fuel reduction (fire,
mowing, the herbicide tebuthiuron, and untreated controls, all with and without the
herbicide imazapic) on short-term dominance of plant groups and on important land
health parameters with the use of analysis of variance (ANOVA). Fire and mowing
reduced woody biomass at least 85% for 3 yr, but herbaceous fuels were reduced only
by fire (72%) and only in the first year. Herbaceous fuels produced at least 36% more
biomass with mowing than untreated areas during posttreatment years. Imazapic only
reduced herbaceous biomass after fires (34%). Tebuthiuron never affected herbaceous
biomass. Perennial tall grass cover was reduced by 59% relative to untreated controls in
the first year after fire, but it recovered by the second year. Cover of all remaining
herbaceous groups was not changed by woody fuel treatments. Only imazapic reduced
significantly herbaceous cover. Cheatgrass cover was reduced at least 63% with
imazapic for 3 yr. Imazapic reduced annual forb cover by at least 45%, and
unexpectedly, perennial grass cover by 49% (combination of tall grasses and Sandberg
bluegrass [Poa secunda J. Presl.]). Fire reduced density of Sandberg bluegrass between
40% and 58%, decreased lichen and moss cover between 69% and 80%, and
consequently increased bare ground between 21% and 34% and proportion of gaps
among perennial plants. 2 m (at least 28% during the 3 yr). Fire, mowing, and imazapic
may be effective in reducing fuels for 3 yr, but each has potentially undesirable
consequences on plant communities.
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Pyke, David A., Troy A. Wirth, and Jan L. Beyers. 2013. “Does Seeding after Wildfires in
Rangelands Reduce Erosion or Invasive Species?” Restoration Ecology 21(4):
415–21.
Location: Various locations
Key Words: Literature Review, Erosion Control, Perennial Establishment, Control of
Invasive Species, Aerial/Broadcast Seeding, Chaining, Drill Seeding
Abstract: Mitigation of ecological damage caused by rangeland wildﬁres has historically
been an issue restricted to the western United States. It has focused on conservation of
ecosystem function through reducing soil erosion and spread of invasive plants.
Effectiveness of mitigation treatments has been debated recently. We reviewed recent
literature to conduct a meta-analysis of seeding after wildﬁres to determine if seedings
may (1) protect ecosystems against soil erosion and (2) reduce invasion or abundance of
undesirable nonnative plant species. Effectiveness of postﬁre seedings was examined in
8 erosion and 19 invasive species cases. Seeding has little effect on erosion during the
ﬁrst year after ﬁre and is highly dependent upon initial establishment and coverage of
species in successive years. Among all seeding cases, 28% reduced, 67% were neutral,
and 5% increased invasive species abundance. Older
seedings were more likely to show reductions in invasives than younger seedings.
Seedings with high plant establishment were more likely to reduce invasives than those
with low establishment. Studies are needed that examine (1) frequency of adequate
establishment of postﬁre seedings and causal factors of success or failure, (2) long-term
impacts of seeding along a range of initial establishment and concomitant plant
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coverage over time as it relates to erosion and abundance of invasive plant species, and
(3) auxiliary treatments designed to increase likelihood of germination and
establishment given the inevitable variability of environmental conditions. These studies
would aid land managers in deciding when postﬁre treatments are required and their
likely level of success.
Ratzlaff, Teresa D., and Jay E. Anderson. 1995. “Vegetal Recovery Following Wildfire in
Seeded and Unseeded Sagebrush Steppe.” Journal of Range Management 48(5):
386–91.
Location:
Key Words: Observational Study, Drill Seeding, Perennial Establishment, Control of
Invasive Species
Abstract: Following an August wildfire, sagebrush (Artemisia L.)/grass benchlands
adjacent to Pocatello, Ida., were seeded with a mixture of exotic wheatgrasses and forbs
by rangeland drill in November 1987. The effects of seeding on vegetation development
in the immediate postfire years were evaluated by comparing plant density, vegetal
cover, species composition, species diversity, and standing crop in seeded areas to that
in unseeded control plots in 1988 and 1989. We also examined cover of bare ground,
litter, and growth form between treatments and between sampling periods. Twenty
paired 10-m transects were established in seeded and unseeded areas on each of 3
plots on the burned benches. Plant density, vegetal cover, and species diversity were
lower in the seeded areas than in the unseeded areas in 1988 and 1989. Species
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composition, species richness, and standing crop were similar between treatments.
Establishment of seeded species was poor, probably as a result of drought conditions in
1987 and 1988. Most plants observed in seeded and unseeded areas in the spring of
1988 sprouted from established perennials. Even though the first postfire season was a
drought year, plant cover in the unseeded areas (18.3%) approached that estimated by
a U.S. interagency task force as needed to stabilize soils on that site. In the following
year, which had average precipitation, plant cover in both treatments exceeded the task
force's estimate of pre-fire cover. Because the indigenous plant species recovered
rapidly, seeding of this burn was unnecessary to establish plant cover and
counterproductive in terms of erosion potential. These results serve to emphasize that
objective criteria should be established for evaluating the necessity of postfire seeding.
Rohde, Ashley T., David S. Pilliod, and Stephen J. Novak. 2019. “Insect Communities in
Big Sagebrush Habitat Are Altered by Wildfire and Post-Fire Restoration
Seeding.” Insect Conservation and Diversity 12(3): 216–30.
Location: Southwestern Idaho
Key Words: Observational Study, Aerial/Broadcast Seeding, Drill Seeding
Abstract:
1. Natural resource managers sow grass, forb, and shrub seeds across millions of
hectares of public lands in the western United States to restore sagebrush-steppe
ecosystems burned by wildﬁre. The effects of post-ﬁre vegetation treatments on insect
communities in these ecosystems have not been investigated.
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2. We conducted the ﬁrst investigation of insect community responses to post-ﬁre
seeding on public rangelands by comparing the composition of insect communities at
burned-and-seeded (treatment) and burned-and-unseeded (control) sagebrush-steppe
ecological sites in southwestern Idaho. Insect communities in burned areas were
compared to unburned (reference) areas.
3. Insect communities in burned plots did not resemble those in reference plots.
Treatment plots had greater inter-annual variability in insect community composition
than control or reference plots, suggesting that communities may be less stable in
seeded areas. The vegetation composition of the landscape surrounding plots
inﬂuenced mobile species.
4. Wildﬁre and post-ﬁre seeding may have lasting effects on insect communities in
sagebrush-steppe ecosystems. Wildﬁres decrease shrub cover. Post-ﬁre seeding
increases perennial bunchgrasses and, where successful, reduces nonnative annual
grasses. These habitat changes inﬂuence insect community composition. Future studies
are needed to expand the inference of this study.
Rowe, Courtney L J, and Elizabeth A Leger. 2011. “Competitive Seedlings and Inherited
Traits: A Test of Rapid Evolution of Elymus Multisetus (Big Squirreltail) in
Response to Cheatgrass Invasion.” Evolutionary Applications 4(3): 485–98.
Location:
Key Words: Greenhouse/Grow Room study, Native plant traits/shifts
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Abstract: Widespread invasion by Bromus tectorum (cheatgrass) in the Intermountain
West has drastically altered native plant communities. We investigated whether Elymus
multisetus (big squirreltail) is evolving in response to invasion and what traits contribute
to increased performance. Seedlings from invaded areas exhibited significantly greater
tolerance to B. tectorum competition and a greater ability to suppress B.
tectorum biomass than seedlings from adjacent uninvaded areas. To identify potentially
adaptive traits, we examined which phenological and phenotypic traits were correlated
with seedling performance within the uninvaded area, determined their genetic
variation by measuring sibling resemblance, and asked whether trait distribution had
shifted in invaded areas. Increased tolerance to competition was correlated with early
seedling root to shoot ratio, root fork number, and fine root length. Root forks differed
among families, but none of these traits differed significantly across invasion status.
Additionally, we surveyed more broadly for traits that varied between invaded and
uninvaded areas. Elymus multisetus plants collected from invaded areas were smaller,
allocated more biomass to roots, and produced a higher percentage of fine roots than
plants from uninvaded areas. The ability of native populations to evolve in response to
invasion has significant implications for the management and restoration of B. tectoruminvaded communities.
Sankey, Joel B., Cynthia S. A. Wallace, and Sujith Ravi. 2013. “Phenology-Based, Remote
Sensing of Post-Burn Disturbance Windows in Rangelands.” Ecological Indicators
30: 35–44.
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Location: Rangelands of the Western United States, Various Locations
Key Words: Observational Study, Aerial/Broadcast Seeding, Drill Seeding
Abstract: Wildland fire activity has increased in many parts of the world in recent
decades. Ecological disturbance by fire can accelerate ecosystem degradation processes
such as erosion due to combustion of vegetation that otherwise provides protective
cover to the soil surface. This study employed a novel ecological indicator based on
remote sensing of vegetation greenness dynamics (phenology) to estimate variability in
the window of time between fire and the reemergence of green vegetation. The
indicator was applied as a proxy for short-term, post-fire disturbance windows in
rangelands; where a disturbance window is defined as the time required for an
ecological or geomorphic process that is altered to return to pre-disturbance levels. We
examined variability in the indicator determined for time series of MODIS and AVHRR
NDVI remote sensing data for a database of ∼100 historical wildland fires, with

associated post-fire reseeding treatments, that burned 1990–2003 in cold desert shrub
steppe of the Great Basin and Columbia Plateau of the western USA. The indicatorbased estimates of disturbance window length were examined relative to the day of the
year that fires burned and seeding treatments to consider effects of contemporary
variability in fire regime and management activities in this environment. A key finding
was that contemporary changes of increased length of the annual fire season could have
indirect effects on ecosystem degradation, as early season fires appeared to result in
longer time that soils remained relatively bare of the protective cover of vegetation
after fires. Also important was that reemergence of vegetation did not occur more
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quickly after fire in sites treated with post-fire seeding, which is a strategy commonly
employed to accelerate post-fire vegetation recovery and stabilize soil. Future work with
the indicator could examine other ecological factors that are dynamic in space and time
following disturbance – such as nutrient cycling, carbon storage, microbial community
composition, or soil hydrology – as a function of disturbance windows, possibly using
simulation modeling and historical wildfire information.
Highlights
•

A novel remote sensing phenology indicator for burned rangelands was
developed.

•

Indicator was used to evaluate current fire regime changes and post-fire
management.

•

Contemporary increase in fire season length could influence ecosystem
degradation.

•

Early season fires resulted in longer time that soils were bare of vegetation
cover.

•

Reemergence of vegetation did not occur more quickly after post-fire seeding

Sebastian, Derek J et al. 2017. “Indaziflam: A New Cellulose-Biosynthesis-Inhibiting
Herbicide Provides Long-Term Control of Invasive Winter Annual Grasses.” Pest
Management Science 73(10): 2149.
Location: Colorado
Key Words: Experimental Plot, Herbicide, Control of Invasive Species
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Abstract: Indaziflam is a cellulose-biosynthesis-inhibiting (CBI) herbicide that is a unique
mode of action for resistance management and has broad spectrum activity at low
application rates. This research further explores indaziflam's activity on monocotyledons
and dicotyledons and evaluates indaziflam's potential for restoring non-crop sites
infested with invasive winter annual grasses. RESULTS Treated Arabidopsis, downy
brome, feral rye and kochia were all susceptible to indaziflam in a dose-dependent
manner. We confirmed that indaziflam has increased activity on monocots (average
GR50 = 231 p m and 0.38 g AI ha−1) at reduced concentrations compared with dicots
(average GR50 = 512 p m and 0.87 g AI ha−1). Fluorescence microscopy confirmed
common CBI symptomologies following indaziflam treatments, as well as aberrant root
and cell morphology. Across five application timings, indaziflam treatments resulted in
superior invasive winter annual grass control 2 years after treatment (from 84 ± 5.1% to
99 ± 0.5%) compared with imazapic (36% ± 1.2%). Indaziflam treatments significantly
increased biomass and species richness of co-occurring species 2 years after treatment.
Indaziflam's increased activity on monocots could provide a new alternative
management strategy for long-term control of multiple invasive winter annual grasses
that invade >23 million ha of US rangeland. Indaziflam could potentially be used to
eliminate the soil seed bank of these invasive grasses, reduce fine fuel accumulation and
ultimately increase the competitiveness of perennial co-occuring species.
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Sebastian, Derek J., Scott J. Nissen, and Juliana De Souza Rodrigues. 2016. “PreEmergence Control of Six Invasive Winter Annual Grasses with Imazapic and
Indaziflam.” Invasive Plant Science & Management 9(4): 308–16.
Location: Seeds were collected from multiple western states.
Key Words: Greenhouse/Grow Room study, Herbicide, Control of Invasive Species
Abstract: Managing invasive winter annual grasses on noncrop and rangeland remains a
constant challenge throughout many regions of the United States. Currently, there are
limited management options for controlling winter annual grasses that work
consistently, provide multiple years of control, and do not injure desirable plant
communities. Imazapic has been one of the most widely used herbicides for downy
brome control on rangeland; however, control with imazapic has been inconsistent
beyond the application year and perennial grass injury is not uncommon. Indaziflam, a
new herbicide mode of action for rangeland weed management, has shown promise in
providing long-term downy brome control. A greenhouse study was conducted to
compare pre-emergence activity of imazapic and indaziflam on six invasive winter
annual grasses: downy brome, cereal or feral rye, jointed goatgrass, Japanese brome,
medusahead, and ventenata. For both herbicides, seven rates were used to develop
dose-response curves for each species. Log-logistic regression was conducted to
determine the herbicide dose required to reduce biomass by 50% (GR50 values).
Indaziflam was significantly more active across all species compared to imazapic, with
the exception of jointed goatgrass. Comparing all species, the GR50 values for imazapic
were on average 12 times higher than indaziflam. Japanese brome was the most
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sensitive to both herbicides, whereas jointed goatgrass and feral rye were the most
difficult winter annual grasses to control with indaziflam and imazapic, respectively. This
research provides evidence of a potential new mode of action for land managers to
control the major invasive winter annual grasses. Nomenclature: Imazapic; indaziflam;
cereal or feral rye, Secale cereale L.; downy brome, Bromus tectorum L.; Japanese
brome, Bromus japonicus Thunb. ex Murr.; jointed goatgrass, Aegilops cylindrica Host.;
medusahead, Taeniatherum caput-medusae (L.) Nevski; ventenata, Ventenata dubia
(Leers) Coss. in Dur. Management Implications: Invasive winter annual grasses pose a
major threat to native plant communities in the United States. The life cycle of these
species increases their invasiveness because few native species behave as winter
annuals, providing a niche for invasive annual grasses to exploit moisture and nutrients
when most desirable perennial plants are dormant. Although downy brome alone
infests over 22 million ha of U.S. rangeland, there are five other invasive winter annual
grasses that cause significant economic and ecological impacts: feral rye, Japanese
brome, jointed goatgrass, medusahead, and ventenata. Currently, acetolactate
synthase- (ALS) inhibiting herbicides such as imazapic and rimsulfuron are used for
selective winter annual grass control, whereas nonselective herbicides like glyphosate
are also recommended for dormant season applications (late fall or early spring).
Unfortunately, none of these herbicides provide consistent control beyond 1 yr after
treatment (YAT), resulting in rapid reinvasion of treated areas via the soil seed bank.
Indaziflam (Bayer CropScience), a cellulose biosynthesis-inhibiting herbicide, is a new
mode of action for invasive winter annual grass management. Previous field research
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demonstrated that indaziflam provided excellent downy brome and feral rye control 2
and 3 yr after treatment compared to imazapic. Two applications of indaziflam over a 5yr period could substantially reduce or possibly eliminate the winter annual grass seed
from the soil seed bank. The objective of this study was to evaluate indaziflam's
potential to control other problematic invasive winter annual grasses found in the
United States and compare its activity to the most commonly used herbicide, imazapic.
The herbicide dose resulting in 50% reduction in dry biomass (GR50) was calculated for
each invasive winter annual grass. In the greenhouse, indaziflam was significantly more
active against all winter annual grasses compared to imazapic, with jointed goatgrass as
an exception. Averaged across all invasive winter annual grasses, imazapic GR50 values
were 12 times greater compared to indaziflam. The potential for long-term downy
brome management is very encouraging; however, downy brome is only one species in
a suite of winter annual grasses that threaten native ecosystems from the Great Plains
to the Pacific Coast. This research indicates that indaziflam is active in controlling a
range of winter annual grasses, and based on what we know about the soil seed bank of
these species, indaziflam could be a key component in providing long-term
management. Our findings provide evidence that indaziflam could be an alternative
strategy for controlling invasive winter annual grasses, including relatively new invaders
such as medusahead and ventenata. Additional field research is needed to determine if
indaziflam provides the long-term control of ventenata, medusahead, jointed goatgrass,
and Japanese brome that has been previously reported with downy brome and feral rye.
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Shinneman, Douglas J., and William L. Baker. 2009. “Environmental and Climatic
Variables as Potential Drivers of Post-Fire Cover of Cheatgrass (Bromus
Tectorum) in Seeded and Unseeded Semiarid Ecosystems.” International Journal
of Wildland Fire 18(2): 191–202.
Location: Western Colorado
Key Words: Observational Study, Control of Invasive Species, General Post-fire
Treatment
Abstract: Cheatgrass, a non-native annual grass, dominates millions of hectares in
semiarid ecosystems of the Intermountain West (USA). Post-fire invasions can reduce
native species diversity and alter ecological processes. To curb cheatgrass invasion, land
managers often seed recently burned areas with perennial competitor species. We
sampled vegetation within burned (1–9 years post-fire) and nearby unburned
(representing pre-fire) piñon–juniper (Pinus edulis–Juniperus osteosperma) woodland
and sagebrush (Artemisia sp.) in western Colorado to analyze variables that might
explain cheatgrass cover after fire. A multiple regression model suggests higher
cheatgrass cover after fire with: (1) sagebrush v. piñon–juniper; (2) higher pre-fire cover
of annual forbs; (3) increased time since fire; (4) lower pre-fire cover of biological soil
crust; and (5) lower precipitation the year before fire. Time since fire, which coincided
with higher precipitation, accounts for most of the variability in cheatgrass cover. No
significant difference was found in mean cheatgrass cover between seeded and
unseeded plots over time. However, negative relationships with pre-fire biological soil
crust cover and native species richness suggest livestock-degraded areas are more

139
susceptible to post-fire invasion. Proactive strategies for combating cheatgrass should
include finding effective native competitors and restoring livestock-degraded areas.
Smith, Joseph T. et al. 2021. “Where There’s Smoke, There’s Fuel: Predicting Great Basin
Rangeland Wildfire.” bioRxiv: 2021.06.25.449963.
Location: Great Basin, USA
Key Words: New Tools/Databases
Abstract: Wildfires are a growing management concern in western US rangelands,
where invasive annual grasses have altered fire regimes and contributed to an increased
incidence of catastrophic large wildfires. Fire activity in arid, non-forested regions is
thought to be largely controlled by interannual variation in fuel amount, which in turn is
controlled by antecedent weather. Thus, long-range forecasting of fire activity in
rangelands should be feasible given annual estimates of fuel quantity. Using a 32 yr time
series of spatial data, we employ machine learning algorithms to predict the relative
probability of large (>400 ha) wildfire in the Great Basin based on fine-scale annual and
16-day estimates of cover and production of vegetation functional groups, weather, and
multitemporal scale drought indices. We evaluate the predictive utility of these models
with a leave-one-year-out cross-validation, building spatial forecasts of fire probability
for each year that we compare against actual maps of large wildfires. Herbaceous
vegetation aboveground biomass production, bare ground cover, and long-term drought
indices were the most important predictors of fire probability. Across 32 fire seasons,
>80% of the area burned in large wildfires coincided with predicted fire probabilities
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≥0.5. At the scale of the Great Basin, several metrics of fire season severity were
moderately to strongly correlated with average fire probability, including total area
burned in large wildfires, number of large wildfires, and average and maximum fire size.
Our findings show that recent years of exceptional fire activity in the Great Basin were
predictable based on antecedent weather and biomass of fine fuels, and reveal a
significant increasing trend in fire probability over the last three decades driven by
widespread changes in fine fuel characteristics.
Stringham, Tamzen K. et al. 2016. “Disturbance Response Grouping of Ecological Sites
Increases Utility of Ecological Sites and State-and-Transition Models for
Landscape Scale Planning in the Great Basin.” Rangelands 38(6): 371–78.
Location: Nevada
Key Words: New Tools/Databases
Abstract: Ecological sites often occur at scales too small for application in planning largescale vegetation treatments or post-fire rehabilitation.
Disturbance Response Groups (DRGs) are used to scale up ecological sites by grouping
ecological sites based on their responses to disturbances.
A state-and-transition model (STM) is created for the DRG and refined through field
investigations for each ecological site thereby creating STMs that function at both DRG
and ecological site scales.
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The limited availability of ecological site descriptions hinders their use in large-scale
management planning and may be a factor associated with the observed lack of
application of available STMs
Standardization of ecological site mapping tools for GIS platforms would increase the
utility of DRGs, STMs, and ecological site descriptions for many land managers in the
western United States.
Svejcar, Tony et al. 2017. “Challenges and Limitations to Native Species Restoration in
the Great Basin, USA.” Plant Ecology 218(1): 81–94.
Location: The Great Basin
Key Words: Literature Review, Perennial Establishment
Abstract: The Great Basin of the western USA is an arid region characterized by high
spatial and temporal variability. The region experienced high levels of ecological
disturbance during the early period of Euro-American settlement, especially from about
1870-1935. The principal plant communities of the Great Basin are sagebrush steppes,
dominated by various Artemisia shrubs and perennial bunchgrasses that represent the
largest rangeland ecosystem in North America. In low to mid-elevation sagebrush
communities, exotic annual grasses have displaced native plant species and are
associated with a dramatic increase in size and frequency of wildfires. Degradation in
this region is driven by processes that cause the loss of mature bunchgrasses, which,
when intact, limit exotic annual grass invasion. Historically, large economic investments
to restore degraded Great Basin rangeland through establishment of native
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bunchgrasses, principally utilizing heavily mechanized agronomic approaches, have been
met with limited success. A multitude of environmental factors contribute to the lack of
restoration success in this region, but seedling mortality from freezing and drought has
been identified as a primary demographic limitation to successful bunchgrass
establishment. Novel approaches to overcoming limitations to bunchgrass
establishment will be required for restoration success. Increased national concern and a
near listing of the greater sage-grouse, a steppe-obligate species, to Endangered Species
status, has spurred greater regional support and collaboration across a diversity of
stakeholder groups such as state and federal land and wildlife management agencies,
county planners, and ranchers.
Thompson, Tyler W. et al. 2006. “Fire Rehabilitation Using Native and Introduced
Species: A Landscape Trial.” Rangeland Ecology & Management 59(3): 237–48.
Location:
Key Words: Experimental Plot, Aerial/Broadcast Seeding, Chaining, Drill Seeding, Native
vs. Introduced (Compare)
Abstract: Following the 1999 Railroad Fire in Tintic Valley, Utah, we initiated a largescale fire rehabilitation study comparing a predominately introduced species seed mix
used by the US Department of Interior–Bureau of Land Management (BLM), a mix of
native and introduced species provided by the US Department of Agriculture–
Agricultural Research Service (ARS), and 2 native seed mixes (high and low diversity).
Mixes were seeded with a rangeland drill on the big sagebrush (Artemisia tridentata var.
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wyomingensis [Beetle & A. Young] Welsh) study area whereas the pinyon–juniper (Pinus
edulis Engelm.–Juniperus osteosperma [Torr.] Little) woodland study area was aerially
seeded followed by 1-way chaining. On drill-seeded plots and by the third year after
seeding the native high-diversity mix (16.4 kg pure live seed [PLS]·ha−1) had the highest
seeded species cover (11.5%) and density (14 plants·m−2). Both the BLM (9.3 kg
PLS·ha−1) and ARS (9.1 kg PLS·ha−1) seed mixes had higher seeded species cover
(BLM = 8.5%, ARS = 8.2%) and density (BLM = 8.4 and ARS = 7.2 plants·m−2) than plots
seeded to the low-diversity native mix (8 kg PLS·ha−1, cover = 3.8%, density = 3.6
plants·m−2). Indian ricegrass (Achnatherum hymenoides [Roemer and J. A. Schultes]
Barkworth ‘Nezpar’) in the native high-diversity mix was especially successful on the
sandy soils of the drill site, whereas seeds of other species may have been buried too
deep for optimum emergence. Aerially-seeded and chained plots had similar and
successful seeded species frequency, cover, and density (third-year average = 10.6%
cover, 17.2 plants·m−2) among all species mixes. All seeded plots had lower cover of
annual species than unseeded plots, indicating that revegetation is necessary to reduce
weed invasion following catastrophic wildfire in big sagebrush communities lacking
residual perennial understory vegetation.
Waldron, Blair L. et al. 2005. “Coexistence of Native and Introduced Perennial Grasses
Following Simultaneous Seeding.” Agronomy Journal 97(3): 990–96.
Location: Fort Carson, Colorado
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Key Words: Experimental Plot, Native vs. Introduced (Compare), Perennial
Establishment
Abstract: Revegetation of disturbed semiarid lands requires rapid stabilization of
ecological process and soil resources. Introduced species have been widely adopted
because the slow establishment of native species frequently results in poor ecosystem
recovery and further site degradation. Little research has documented the managerial
possibilities and species interactions associated with simultaneously establishing native
and introduced grasses on semiarid lands. We conducted a 3-yr experiment at Fort
Carson, CO, to evaluate if seven native perennial grasses would coexist with either
Russian wildrye [Psathyrostachys juncea (Fisch.) Nevski], crested wheatgrass
(Agropyron sp.), or Siberian wheatgrass [A. fragile (Roth) Candargy] after simultaneous
seeding. Five grass mixes, each comprised of the seven natives and one introduced
grass, and a standard military seed mix (mostly native grasses with a small introduced
species component) were evaluated by comparing percentage ground cover of
individual species. Predominance of crested and Siberian wheatgrass cover resulted in
significantly lower native grass and weed abundance. In contrast, Russian wildrye and
military treatments had lower introduced grass cover and high weed abundance, but
much higher native grass cover. However, weed cover decreased to <5% in all
treatments during the experiment. Western wheatgrass [Pascopyrum smithii (Rydb.) A.
Löve] was responsible for >80% of the native species cover in the military treatment for
all 3 yr, whereas the Russian wildrye treatments had a more balanced mix of several
native species. These results provide insights into managerial considerations for
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revegetation and weed control for frequently disturbed rangelands and suggest that
some introduced grasses may coexist with native grasses.
Wirth, Troy A., and David A. Pyke. 2009. Final Report for Emergency Stabilization and
Rehabilitation Treatment Monitoring of the Keeney Pass, Cow Hollow, Double
Mountain, and Farewell Bend Fires. U.S. Geological Survey.
https://pubs.er.usgs.gov/publication/ofr20091152 (September 25, 2019).
Location: Oregon
Key Words: Observational Study, Native vs. Introduced (Compare), Perennial
Establishment, Control of Invasive Species
Abstract: (Executive Summary) A strategy for monitoring post-fire seedings in the
sagebrush steppe of the Intermountain West was developed and used to monitor four
example fires in the Vale, Oregon District of the Bureau of Land Management (BLM). We
began to develop a potential approach by (1) reviewing previous vegetation monitoring
manuals produced by the Federal government to determine what techniques and
approaches had been approved for use, and (2) monitoring a set of example fire
rehabilitation projects from 2006 through 2008. We reviewed seven vegetation
monitoring manuals approved for use by the Federal government. From these seven
manuals, we derived a set of design elements appropriate for monitoring post-fire
rehabilitation and stabilization projects. These design elements consisted of objectives,
stratification, control plots, random sampling, data quality, and statistical analysis.
Additionally, we chose three quantitative vegetation field procedures that were
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objective and repeatable to be used in conjunction with these six design elements.
During the spring and summer of 2006 to 2008, U.S. Geological Survey personnel
monitored vegetation in seven post-fire seeding treatments in four burned areas in the
Vale district of the BLM in eastern Oregon. Treatments monitored included a native and
non-native seeding in each of the Farewell Bend, Double Mountain, and Keeney Pass
fires, and a native seeding at the Cow Hollow fire. All fires occurred in 2005. There
generally was a low level of plant establishment for all seedings by 2008. The
quantitative objective established by the BLM was to achieve 5 seeded grass plants/m2
by the end of 3 years as a result of the seeding. There was an estimated 3.97 and 6.28
plants/m2 in 2006 and 1.06 and 0.85 plants/m2 seeded perennial grasses in 2008 from
the Keeney Pass non-native and native seeding, respectively. The Cow Hollow seeding
resulted in the lowest establishment of perennial seeded grasses of the four project
areas with 0.69 plants/m2 in 2006 and 0.09 plants/m2 in 2008. Density of seeded
perennial grasses at the Double Mountain non-native and native seeding were 2.72 and
3.86 plants/m2 in 2006 and 0.90 and 1.74 plants/m2 in 2008, respectively. The Farewell
Bend non-native seeding resulted in 5.62 plants/m2 in 2006 and 0.42 plants/m2 in 2008
while the native seeding had 2.22 seeded grass plants/m2 in 2006 and 0.44 plants/m2
by 2008. The primary reason for low level of establishment on most treatments except
the Cow Hollow seeding was most likely the unfavorable timing and amount of
precipitation in 2007 and 2008. Measurements of density within the first 3 years provide
the best estimate of initial seeding success. Increases in cover due to the seedings were
not detectable in the first 3 years following seeding in this monitoring effort. Changes in
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cover resulting from the treatments may be detectable in cases where the seedings
were very successful in the first 3 years following seeding, but in areas with lower
annual average precipitation, may not occur consistently. As a result, cover of seeded
species may not be a good indication of seeding success in the early years after
treatment. However, cover is useful for monitoring initial patterns of abundance of
naturally recovering vegetation, exotic annual grasses and forbs, and bare ground. Cover
measurements at these four sites revealed patterns common to most of the treatment
areas in cover of litter, bare ground, and exotic annuals in response to drill seeding and
weather patterns. There was a rapid increase in litter at all treatments after the fire.
Additionally, there was less litter in treatment plots than in the control plots in 2006
probably due to the mechanical action of the seed drill. There also was a corresponding
decrease in bare ground from 2006 to 2008. Initially, higher bare ground cover at
treatment plots appears to be due to the mechanical action of the seed drill. Cover of
annual grasses, primarily Bromus tectorum, increased from 2006 to 2007 and then
decreased slightly in 2008. The highest cover and density of exotic annual grasses
generally occurred in the second year following fire. Immediately after fire, lower
densities of B. tectorum may emerge due to the loss of seed, but B. tectorum plants that
do emerge often produce an abundance of seed due to high nutrient availability and
reduced competition, resulting in higher densities the following year. There was a
consistent, negative linear relationship between the amount of cover of existing
perennial grasses and annual grass cover at treatment areas. This relationship also was
apparent in the gap data, and annual grass cover was greatest when basal gaps in the
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greater-than-200-cm size class were more frequent. The inverse relationship between
cover of perennial and annual grasses suggests that post-fire seedings, when successful,
can improve rangeland condition where annual invasive grasses are problematic.
Overall, quantitative objectives are a valuable part of monitoring the initial success of
post-fire seedings. However, they need to be adapted for specific situations and areas.
The potential of a particular area to reach a certain density or cover of desirable plant
species (and the condition of the prefire plant community, for example, healthy or
degraded) can be used to set initial objectives, which could be further modified by
conditional statements that depend on environmental conditions after seeding. These
conditional objectives may be developed to include a range of values rather than a
specific target objective. Eventually, using data from many projects over time, a model
could be developed to predict optimum seeding success over a range of conditions.
Using such a dynamic approach to setting objectives would minimize the numbers of
projects that are deemed failures due to unrealistic objectives or environmental factors
that are outside the control of land management. Monitoring at the four areas from the
Vale, Oregon District of the Bureau of Land Management that burned in 2005 also
demonstrated potential uses and difficulties associated with monitoring ES&R
(Emergency Stabilization and Rehabilitation) treatment effectiveness. Overall, the
monitoring approach, combined with the quantitative techniques, performed
reasonably well in burned areas previously dominated by sagebrush. Future monitoring
efforts should take into account the logistical constraints of each design element and
quantitative technique to arrive at the most cost-effective yet statistically valid
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monitoring plan. In the future, procedures that encompass more of the natural
variability, either through sampling at more locations or incorporating the use of remote
sensing may be able to capture more of the natural variability at the landscape scale.
The value of the three quantitative techniques for interpreting success of post-fire
seedings depends on the time frame in which they will be used. For the first 3 years
following seeding (the period for which monitoring is usually funded), density is the
most directly applicable measurement of treatment effect and is emphasized in this
report. Changes in plant cover and basal-gap intercept measurements are small during
the first 3 years and, when combined with environmental and observer variation, could
not be used for determining success. As the seeding ages and plants become larger,
however, comparison of cover and gap-intercept data between treatment and control
plots can be used to determine long-term effects. Whether initial densities in the first 3
years correlate to later cover and basal-gap intercept measurements is unknown and
warrants further investigation. In addition to assessing level of establishment at a
variety of different post-fire seedings, the use of similar techniques to monitor Vale fires
helped identify patterns common throughout multiple treatments. Consistent patterns
of vegetation attributes identified in these four burned sites include the rate of
accumulation of litter, the rate of decrease of bare ground, the inverse relationship
between annual grass and forb cover, and the relationships between annual grasses
with perennial grass cover and basal–gap intercept. Identifying additional patterns at a
greater number of projects in a wider geographic area and correlating with site factors
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(such as soil, elevation, and climate) will aid efforts to improve seeding success through
adaptive management.
Discussion
Preventing permanent impairment of overall rangeland ecosystem structure and
function is justification for many treatment projects (Beyers 2004). Aspects of
rangeland ecosystem health that are of common interest to land managers include
adequate vegetation cover, resistance and resilience to disturbance and invasion, forage
availability for wildlife and domestic livestock, biodiversity of flora and fauna, local
economies, soil health, and reduction of wildfire risk. If left unchecked invasive annual
species can soon dominate the landscape and have the potential to negatively impact
each of the aspects of rangeland health.
The loss of vegetation cover following fire in sagebrush systems is commonly the
first immediate impact that treatment efforts attempt to correct. Loss of vegetation
cover initiates other secondary effects of disturbance, including exposing mineral soil
and erosion (Brabec, Germino, and Richardson 2017). Related to the loss of vegetation
cover is the vulnerability of that disturbed site to invasive plant species and noxious
weeds (Calkin et al. 2007). Many rangelands across the great basin have already
experienced a shift from perennial plant communities to weedy dominated rangelands
(Cox and Anderson 2004). Bromus tectorum (Cheatgrass) is the most common of the
invasive annual grasses, which has modified the structure of shrublands across the great
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basin by increasing both fuel loads and fuel continuity, leading to an increase in the
frequency of wildfires (Hilty et al. 2004).
Counteracting these negative effects of cheatgrass has been the focused desire
of managers and a core justification for restoration projects (Pyke, Wirth, and Beyers
2013). Cheatgrass is also the most widespread annual invasive grass affecting rangeland
conditions at landscape scales in the western United States (Ferguson 2012).
Rangelands provide key habitat and forage for various wildlife species, including
domestic cattle and sheep. When invasive annual species like cheatgrass or medusa
head wild rye (Taeniatherum caput-medusae) invade into rangelands they the reduce
forage production and the function of the rangelands, especially at high densities
(Davies et al. 2015, Eiswerth et al. 2009). Preserving or maintaining forage availability
for both of these uses is an important consideration while planning restoration projects.
Production of desirable forage in sagebrush ecosystems, is much harder to
predict under competition from invasive annuals (Epanchin-Niell, Englin, and Nalle
2009). In recent years, increased importance has been placed on maintaining
biodiversity across rangeland systems by ensuring species richness levels are maintained
or increased following treatments (Shinneman and Baker 2009). Restoring biodiversity
in degraded areas is purported to increase resistance to further invasion of annuals and
increase the amount of desired vegetation on site (Davies, Johnson, and Nafus 2014).
There are several other ecosystem services provided by the rangelands to nearby
communities and population centers. Conserving and maintaining these services is
another justification for performing post-fire treatments. Calkin et al. (2007) explained
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that managing flooding, runoff, and erosion helps prevent negative effects that threaten
human life and safety, cultural and ecological resources, land use, and existing
infrastructure.
Restoring sagebrush is a key part in rehabilitating degraded rangelands to a state
resilient enough to provide ecosystem services once again (Davies and Bates 2019).
Economic stability for both commercial and private interests dependent on rangeland
ecosystem services are maintained through the protection of overall rangeland
ecosystem health (Pellant, Abbey, and Karl 2004). Lastly, strengthening the overall
health of sagebrush rangelands cannot be fully achieved without correcting the
cheatgrass fire cycle (Kulpa 2010, Sankey et al. 2013). To ensure long-term success,
treatment efforts must return sagebrush systems to a more perennial dominated state.
This can be done by reducing annual fuel continuity/accumulation and lowering the
frequency, severity, and size of fires (Robichaud et al. 2009). Returning great basin
sagebrush systems to a more natural fire cycle will also reduce the large fire-fighting
costs currently being experienced by agencies (Epanchin-Niell, Englin, and Nalle 2009).
Implications
This database can be a useful tool for land managers who wish to reread or
discover new literature pertaining to post-fire restoration in the Great Basin. One way
this database can be best utilized is by referencing literature specific to a particular
project. For example, land managers can easily read literature referencing
observational studies examining the different responses various treatment methods
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such as drilling, chaining, or broadcast seed applications had on restoration outcomes.
Land managers can also reference literature with a study focus similar to the desired
outcomes of their own study, such as sagebrush establishment or control of invasive
species. This database can also assist land managers by helping establish a reference for
expected outcomes of post-fire restoration.
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Figure

Figure 3.1 - A diagram of the key words used to categorize and separate post-fire
restoration literature. Each paper was assigned once specific study method only, while
study treatment methods and study foci could be used repeatedly and intermittently
depending on the specific details of the paper.
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CHAPTER 4
SUMMARY AND CONCLUSIONS
The outcomes from the different post-fire restoration methods used in West Box
Elder County are variable. My analysis did not produce evidence suggesting one
treatment method was superior in all cases. Mild successes in perennial establishment
occurred across all treatment types. Annual cover increased and appeared to be more
dependent on pretreatment levels rather than treatment type. My results also indicate
that time to recovery after fire may be longer than 15-years, especially when evaluating
shrub response to post-fire treatments. My analysis reemphasized that, annual,
perennial, and shrub responses to treatments are highly variable and depend on many
factors besides treatment method and R&R classification alone. Factors influencing
treatment success could include the pre-treatment abiotic and biotic conditions of the
site including plant composition, soil type and health, site aspect, and elevation.
Considering these factors and acknowledging variations in treatment outcomes
emphasizes the importance of avoiding extrapolation of results from one treatment
deemed successful to other potential treatments. The success or failures of a handful of
individual projects should not become the basis for which future management decisions
are made. Instead, examining several occurrences of a particular treatment can provide
a more complete picture of the range of expected outcomes. My research can be used
to better inform managers when developing strategies for future treatments, especially
when considering the treatment type that should be used and the R&R factors and
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classification at proposed restoration sites. Planning restoration methods to best suit
individual projects will require high levels of collaboration between stakeholders to
decide where and how best practices of treatments should take place.
The database of post-fire revegetation outcomes I compiled can be a useful tool
for land managers who wish to reread or discover new literature pertaining to post-fire
restoration in the Great Basin. Land managers can easily reference literature using the
key words I assigned to each study, doing so will help managers relate the literature to
the desired outcomes of their own project, such as sagebrush establishment or control
of invasive species.
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CHAPTER “2.5” A GROUND BASED ANALYSES OF POST-FIRE REVEGETATION OUTCOMES
ON RANGELANDS OF WEST BOX ELDER COUNTY, UTAH
Methods
Data Manipulation, Setup, and Background
This project examines fire history in the study area as far back as available spatial
data from agency records allow. Fire history records with available geospatial
information were available from 1985-2019. Reliance on the assumed accuracy and
comprehensiveness of these fire records is one of the limitations faced by this study.
See Appendix Figure 1 for a fire perimeter map.
To improve understanding of Box Elder Counties’ fire history, I combined various
fire perimeter datasets to create my own more complete dataset of fire perimeters in
the region. I used three datasets; BLM’s “Fire Perimeter” dataset (FPER), the
interagency program fire perimeter dataset “Monitoring Trends in Burn Severity”
(MTBS), and the USGS operated “Geospatial Multi-Agency Coordination” (GEOMAC) fire
perimeter dataset. The FPER dataset was merged with the MTBS dataset using the
Merge tool in ArcMap. Using the Clip tool, unique fire shapefiles in the MTBS dataset
were identified and exported as a new shapefile. The original FPER dataset was then
merged with the GEOMAC dataset, and the same clipping and exporting processes were
used to identify the unique fires in the GEOMAC dataset. then merged the original FPER
dataset with the two newly exported datasets containing the fires that were unique to
the MTBS and GEOMAC datasets. Each of these three databases had different reporting
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criteria, and supplemental attributes about each fire were sporadic and inconsistent. To
homogenize my newly compiled dataset the attributes maintained along with each
shapefile and location were the fire names/ID’s, fire years, and total number of acres
burned. Unique fire scenarios (UFS’s) were created using the complete fire perimeter
dataset. UFS’s are areas that have the same fire history. For example, a UFS may be the
area where one fire burned or an area where overlapping fires from different years
occurred. Identifying single, double, and triple burned areas in this way will improve the
understanding of the fire history of the area and eliminate confounding effects by
preventing comparisons of areas with different fire histories.
Throughout this study, certain analyses required the use of acreage calculations
for estimating burned or treated areas. Certain analyses used an adjusted acreage
calculation. For example, when summing all burned areas, the acres that have burned
multiple times need to be counted twice and not just calculated from burned area
shapefiles alone. Other instances such as when examining the resistance and resilience
of distinct areas, non-adjusted acres or “true polygon sizes” are more appropriate. For
each instance that this was necessary I include the descriptors “Adjusted Acres” or
“Non-Adjusted Acres/True Polygon Size” to clarify what is being used.
Precipitation levels and local patterns were calculated at a finer site level scale
using remotely sensed data from Oregon State Universities’ PRISM climate database,
produced by the Northwest Alliance for Computational Science & Engineering.
Calculating precipitation levels at a finer scale with PRISM data produced more accurate
average precipitation estimates than just county or state level records, and is a common
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practice found across restoration literature (Arkle et al. 2014, Atwater, James, and Leger
2015, Barker et al. 2018, Beyers, Pyke, and Wirth 2015, Bower, Clair, and Erickson 2014,
Chambers et al. 2016, Copeland et al. 2018, Hardegree et al. 2016, Knutson et al. 2014,
and Wirth and Pyke 2009).
Three data sources were used to compile a more thorough dataset of post-fire
treatments. These included BLM’s emergency stabilization and rehabilitation dataset
(ESR), treatment files from the Watershed Restoration Initiative website, as well as a
handful of yet to be published shapefiles received from BLM employees in the Salt Lake
field office. All treatment perimeters were merged into one dataset using the merge
and export tools in ArcGIS. The three treatment data sources were not as sporadic as
the fire perimeter datasets were in the sense of one dataset containing descriptive
information that others did not, however inconsistencies in shapefile
configuration/detail were common. This may have been due to the fact that some
treatment events contained updated GPS location data where heavy equipment or
aerial vehicles passed over the landscape, while other events only contained the original
“planned” area of interest based off of aerial imagery before the treatment occurred
and where never updated after the fact. Whenever possible, these less detailed
treatment polygons were avoided and replaced with the most detailed shapefile
available. To homogenize the newly compiled treatment dataset, the only attributes
maintained along with each shapefile and location were the treatment name, treatment
type/method, associated fire, year, and number of acres treated. To reduce
confounding affects and increase the quality of the assessment of treatment outcomes,
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I generated “Unique Treatment Polygons” from the compiled treatment dataset.
Unique treatment polygons (UTP’s) are areas that have the same fire/treatment history.
For example, a UTP may contain one fire and one treatment or two fires each with
subsequent treatments. This was done to prevent previous post-fire treatments from
interfering with my assessment of outcomes of a different treatment. To clarify further,
if treatment one from year ‘AA and treatment two from year ‘BB overlapped, the double
treated area was isolated and sampled as a separate UTP made up of treatment one ‘AA
and two ‘BB. All remotely sensed methods and analyses were performed within these
UTP’s.
Treatment scenario groups were used to lump UTP’s together into like categories
to facilitate comparison after sampling was performed. Treatment scenario groups
describe the many different combinations of treatment events that have occurred in the
study area. For example, a treatment scenario could be an area that received a single
event of an aerial seeding and chaining following a fire in year ‘AA. Treatment scenarios
can also include multiple events such as, an aerial seeding and chaining in year ‘AA and a
drill seeding in year ‘BB. Including scenarios with multiple treatment events has
required more time and resources to study, however increasing understanding of how
previously treated landscapes react to further treatments will be valuable as West Box
Elder County may continue to experience fires occurring in past treatment areas.
I created specific functional groups (SFG’s) which go a step further than the
broad functional groups used in chapter two. Specific functional groups subdivide forbs
and grasses by annual/perennial life cycles. SFG’s include native perennial grasses
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(NPG), native perennial forbs (NPF), native annual grasses (NAG), native annual forbs
(NAF), exotic perennial grasses (EPG), exotic perennial forbs (EPF), exotic annual grasses
(EAG), exotic annual forbs (EAF).
Precipitation Analysis
Using ArcGIS pro, polygon bound centroid locations for each UFS and UTP were
generated and uploaded to the PRISM online tool. Outputs from the PRISM tool
produced estimates for annual precipitation (in) for each fire/treatment centroid
location through all 35 years of the study date range. These yearly precipitation
patterns were used to shed light on patterns in fire history as well as help interpret
discrepancies in treatment outcomes.
Ground-based sampling protocol
With a limited amount of time and funding available to assess current vegetation
at treatment sites, a reasonable limit had to be placed on the number of random sample
points generated for each UTP. Unique treatments’ whose acreages ranged from 200900 acres received five random points each. Treatment polygons with acreages from
1,000 to 5,000 received ten random points while treatment polygons with acreages
from 6,000-10,000 received 30.
Each randomly generated point provided starting coordinates for a 150 M
transect on which various vegetation sampling methods were performed. All transects
followed a Northern azimuth, exceptions to this occurred when random points were
located near UTP edges and would not fit within the treatment polygon. When

169
necessary, azimuth adjustments were made in increasing 90° increments until fitting
entirely in the UTP.
Ground-based Sampling Methods:
Three rangeland monitoring methods were used to assess current vegetation
composition in treated areas; nested frequency of herbaceous species, point cover (by
class), and shrub density via belt transects.
Nested Frequency of Herbaceous Species:
A 4-squared nested quadrat with dimensions of 50x50cm, 50x25cm, 25x25cm,
and 5x5cm was used to estimate herbaceous frequency down to the species level
(Appendix Figure 2). Fifteen nested frequency frames were placed along transects at
10-meter intervals along a 150 m transect (Appendix Figure 3). Kochia prostrata (Forage
kochia) a semi shrub, was classified as a forb for the purposes of my study.
Point Cover by Class
Point cover data was collected simultaneously with nested frequency data from
sample method 1. For each nested frequency frame placed along the transect, the
cover class category of each of the frames’ four endpoints was recorded (Appendix
Figure 4). These broad cover class categories corresponded directly to the RAP tools’
generated outputs; annual forbs and grasses (AFG), perennial forbs and grasses (PFG),
shrubs (SHR), trees (TREE), and bare ground (BG). To ensure a precise point was
collected, the inside corner of the frames’ vertical PVC endpoints was designated as the
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“point location”. Only the topmost cover class category was recorded for each of these
endpoints. When finished, each transect generated 60 cover class points (15 frames*4
endpoints each).
Shrub Density
A 1x150m belt transect was used to count shrub density by species and age class.
All woody plants rooted within the belt transect were counted and recorded down to
the species level and received one of three qualifiers describing their age class: seedling,
juvenile, or adult.
Statistical Analyses for Ground-based Data
To inform land managers of current conditions at each random site and the
average conditions within each Unique Treatment Polygon (UTP) and across each
Treatment Scenario Group (TSG), descriptive statistics were performed for each
sampling method; (1) nested frequency, (2) point cover by class, and (3) shrub density
belt transects. Descriptive statistics examining species diversity were also generated by
utilizing both the nested frequency data and shrub density data.
Nested Frequency Data Statistics:
The percent frequency formula was used to calculate relative percent frequency
for every species found at a site.
% 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓. 𝑆𝑆𝑆𝑆𝑆𝑆1 = �

# 𝑜𝑜𝑜𝑜 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑖𝑖𝑖𝑖 𝑤𝑤ℎ𝑖𝑖𝑖𝑖ℎ 𝑆𝑆𝑆𝑆𝑆𝑆1 𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜
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Site level frequency percentages for each species were averaged across all other
sites sampled within the same UTP. All species observed at a site received an estimate
of percent frequency no matter how infrequently it was encountered. Percent
frequency within TSG’s was calculated by averaging the species percent frequency
estimates across all UTP’s in that TSG. Frequencies of all species observed across a TSG
were classified into specific functional groups; native perennial grasses (NPG), native
perennial forbs (NPF), native annual grasses (NAG), native annual forbs (NAF), exotic
perennial grasses (EPG), exotic perennial forbs (EPF), exotic annual grasses (EAG), exotic
annual forbs (EAF). These functional groups and the percent frequencies they represent
were used to help interpret treatment outcomes.
Point Cover Data Statistics:
For each UTP, the average percent cover of annual forbs and grasses (AFG),
perennial forbs and grasses (PFG), shrubs (SHR), trees (TREE), bare ground (BG), and
litter (LTR) were calculated. Percent cover for each broad functional group was
calculated by averaging point cover data from each site within a UTP. Alike UTP
averages were then combined to provide cover estimates across each TSG.
Shrub Density Data Statistics:
For each UTP, I calculated the average density of each shrub species. UTP
averages were combined to provide a shrub density estimate for each TSG. Shrub
species were classified into two categories, key Artemisia shrubs and non-Artemisia
shrubs. Key Artemisia shrub species included Artemisia tridentata with its three sub-
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species (tridentata, vaseyana, Wyomingensis) as well as Artemisia nova. It should be
noted that Artemisia spinescens and Artemisia dracunculoides, although frequently
encountered at treatment sites, were not categorized as key Artemisia species for this
analysis and were included with non-Artemisia shrubs.
Species Richness Analysis Data Statistics:
Species diversity and species richness within treatment sites are often an
indicator used by land managers to evaluate success. As such, species diversity/richness
data statistics were calculated using inventory and frequency data from both sample
methods one and three. Species abundance and diversity of both herbaceous and
woody species were calculated for each UTP and averaged across each TSG.
Supplemental frequency Data from ground-based Sampling for AFG Cover Trend Data
Supplementing annual forb and grass cover trends with ground-based frequency
data provides even more understanding of the specific composition of annual species,
especially when split into specific functional groups. All sites within the Aerial Seed Only
TSG in Low RR reported having 0% frequency of native annual grasses, 0% frequency of
native annual forbs, 68% frequency of exotic annual grass, and 31% frequency of exotic
annual forbs. All sites within the Aerial Seed Only TSG in Med RR reported having 0%
frequency of native annual grasses, 2% frequency of native annual forbs, 31% frequency
of exotic annual grass, and 22% frequency of exotic annual forbs. All sites within the
Aerial Seed Only TSG in High RR reported having 4% frequency of native annual grasses,
15% frequency of native annual forbs, 42% frequency of exotic annual grasses, and 28%
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frequency of exotic annual forbs. All sites within the Drill Seed Only TSG in Low RR
reported having 1% frequency of native annual grasses, 1% frequency of native annual
forbs, 65% frequency of exotic annual grass, and 24% frequency of exotic annual forbs.
All sites within the Drill Seed Only TSG in High RR reported having 1% frequency of
native annual grasses, 1% frequency of native annual forbs, 50% frequency of exotic
annual grass, and 69% frequency of exotic annual forbs. All sites within the Aerial Seed
and Drill Seed TSG in Low RR reported having 0% frequency of native annual grasses, 1%
frequency of native annual forbs, 65% frequency of exotic annual grass, and 44%
frequency of exotic annual forbs. All sites within the Aerial Seed and Chain TSG in Low
RR reported having 0% frequency of native annual grasses, 0% frequency of native
annual forbs, 73% frequency of exotic annual grass, and 36% frequency of exotic annual
forbs. All sites within the Aerial Seed and Chain TSG in Med RR reported having 0%
frequency of native annual grasses, 4% frequency of native annual forbs, 42% frequency
of exotic annual grass, and 30% frequency of exotic annual forbs. All sites within the
Aerial Seed and Chain TSG in High RR reported having 0% frequency of native annual
grasses, 12% frequency of native annual forbs, 61% frequency of exotic annual grass,
and 77% frequency of exotic annual forbs (Appendix Table 5).
Supplemental frequency Data from ground-based Sampling for PFG Cover Trend Data
Supplementing perennial forb and grass cover trends with ground-based
frequency data split into specific functional groups provides even more understanding
of the specific composition of perennial species. All sites within the Aerial Seed Only
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TSG in Low RR reported having 31% frequency of native perennial grasses, 3% frequency
of native perennial forbs, 17% frequency of exotic perennial grass, and 9% frequency of
exotic perennial forbs. All sites within the Aerial Seed Only TSG in Med RR reported
having 75% frequency of native perennial grasses, 28% frequency of native perennial
forbs, 12% frequency of exotic perennial grass, and 5% frequency of exotic perennial
forbs. All sites within the Aerial Seed Only TSG in High RR reported having 85%
frequency of native perennial grasses, 37% frequency of native perennial forbs, 8%
frequency of exotic perennial grass, and 2% frequency of exotic perennial forbs. All sites
within the Drill Seed Only TSG in Low RR reported having 41% frequency of native
perennial grasses, 7% frequency of native perennial forbs, 28% frequency of exotic
perennial grass, and 2% frequency of exotic perennial forbs. All sites within the Drill
Seed Only TSG in High RR reported having 44% frequency of native perennial grasses,
7% frequency of native perennial forbs, 32% frequency of exotic perennial grass, and 0%
frequency of exotic perennial forbs. All sites within the Aerial Seed and Drill Seed TSG in
Low RR reported having 23% frequency of native perennial grasses, 3% frequency of
native perennial forbs, 16% frequency of exotic perennial grass, and 12% frequency of
exotic perennial forbs. All sites within the Aerial Seed and Chain TSG in Low RR reported
having 36% frequency of native perennial grasses, 7% frequency of native perennial
forbs, 18% frequency of exotic perennial grass, and 4% frequency of exotic perennial
forbs. All sites within the Aerial Seed and Chain TSG in Med RR reported having 62%
frequency of native perennial grasses, 26% frequency of native perennial forbs, 16%
frequency of exotic perennial grass, and 4% frequency of exotic perennial forbs. All sites
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within the Aerial Seed and Chain TSG in High RR reported having 67% frequency of
native perennial grasses, 29% frequency of native perennial forbs, 13% frequency of
exotic perennial grass, and 33% frequency of exotic perennial forbs (Appendix Table 5).
Supplemental Density Data from ground-based Sampling for Shrub Cover Trend Data
Supplementing shrub cover trends with ground-based density data split into
Artemisia and Non-Artemisia categories provides even more understanding of the
specific composition of shrub species. All sites within the Aerial Seed Only TSG in Low
RR reported having an average of 906 Artemisia shrubs and 2,220 non-Artemisia shrubs
per hectare. All sites within the Aerial Seed Only TSG in Med RR reported having an
average of 3005 Artemisia shrubs and 862 non-Artemisia shrubs per hectare. All sites
within the Aerial Seed Only TSG in High RR reported having an average of 4014
Artemisia shrubs and 6662 non-Artemisia shrubs per hectare. All sites within the Drill
Seed Only TSG in Low RR reported having an average of 619 Artemisia shrubs and 977
non-Artemisia shrubs per hectare. All sites within the Drill Seed Only TSG in High RR
reported having an average of 1170 Artemisia shrubs and 5844 non-Artemisia shrubs
per hectare. All sites within the Aerial Seed and Drill Seed TSG in Low RR reported
having an average 439 of Artemisia shrubs and 2109 non-Artemisia shrubs per hectare.
All sites within the Aerial Seed and Chain TSG in Low RR reported having an average of
425 Artemisia shrubs and 1141 non-Artemisia shrubs per hectare. All sites within the
Aerial Seed and Chain TSG in Med RR reported having an average of 589 Artemisia
shrubs and 1799 non-Artemisia shrubs per hectare. All sites within the Aerial Seed and
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Chain TSG in High RR reported having an average of 227 Artemisia shrubs and 2173 nonArtemisia shrubs per hectare (Appendix Table 5).
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Tables
Appendix Table 1 - Frequencies of each specific functional group across all treatment
scenario groups in West Box Elder County from 2019-2020 field sampling.
SFG's

Native Perennial Grasses (NPG) (% Frequency)
Native Perennial Forbs (NPF) (% Frequency)
Native Annual Grasses (NAG) (% Frequency)
Native Annual Forbs (NAF) (% Frequency)
Exotic Perennial Grasses (EPG) (% Frequency)
Exotic Perrenial Forbs (EPF) (% Frequency)
Exotic Annual Grasses (EAG) (% Frequency)
Exotic Annual Forbs (EAF) (% Frequency)

Aerial Seed
Aerial Seed
Aerial Seed Drill Seed
Aerial Seed Only AND
and Drill
Only
Only
and Chain Drill Seed
Seed
Only

59%
19%
1%
4%
14%
6%
49%
27%

41%
7%
1%
1%
28%
2%
64%
29%

23%
3%
0%
1%
16%
12%
65%
44%

43%
12%
0%
2%
18%
6%
67%
38%

66%
5%
0%
0%
19%
2%
70%
45%

Drill Seed Aerial Seed
Aeiral Seed
Only AND and Drill
Only AND
Aerial Seed Seed AND
Aerial Seed
and Drill Drill seed
and Chain
Seed
Only

61%
9%
0%
0%
31%
2%
75%
57%

15%
3%
0%
0%
8%
0%
100%
27%

27%
1%
0%
1%
39%
3%
88%
29%

Sage Area
Aerial Seed Aerial Seed
Aerial Seed
Only AND
and Chain and Drill Drill Seed Aerial Seed
and Chain
Aerial
AND Aerial AND Aerial Only AND Only AND
AND Drill
Seeding
Seed and seed and Sage Area Sage Area
Seed Only
and
Chain
Chain
Chaining

15%
0%
0%
11%
13%
0%
95%
63%

42%
7%
0%
1%
41%
7%
74%
65%

43%
25%
0%
1%
13%
7%
65%
45%

55%
5%
0%
0%
27%
18%
55%
19%

75%
43%
0%
4%
7%
3%
55%
57%

49%
12%
0%
0%
0%
0%
20%
31%

Appendix Table 2 - Frequencies of each specific functional group (Also with Poa Secunda
isolated) across all treatment scenario groups in West Box Elder County from 2019-2020
field sampling.
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Appendix Table 3 - All results from the ground-based analysis sampling protocols in
West Box Elder County from 2019-2020 field sampling. Data is displayed by each unique
treatment polygon. Also included in the data is each unique treatment polygons’
treatment scenario/resistance and resilience combination, associated fire, the number
of random sample points collected in each polygon, and the number of years since
treatment that the data was collected.
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64

UTP#
1999_Coal_Mine_Aerial_Seed
1999_Peterson_Aerial_Seed
1999_Wagon_Box_Aerial_Seed
2000_City_of_Rocks_Aerial_Seed
2000_Devine_Canyon_Aerial_Seed
2000_Hogup_Aerial_Seed
2000_Hogup_Aerial_Seed_and_Chain
2000_Hogup_Aerial_Seed_and_Drill
2000_South_Etna_Aerial_Seed
2000_South_Rose_Ranch_Aerial_Seed_and_Chain_only
2001_Littlefield_Aerial_Seed_and_Chain
2006_DOUBLE_DIAMOND_T_Drill_Seed
2006_Hogup_Aerial__Seed_and_Drill_Seed
2006_Hogup_Aerial__Seed_and_Drill_Seed AND 2016_Peplin_Drill_Seed_No_Plateau
2006_Hogup_Aerial__Seed_and_Drill_Seed AND 2016_Peplin_Drill_Seed_Plateau
2006_Hogup_Aerial_Seed_Only
2006_Hogup_Aerial_Seed_Only AND 2016_Peplin_Drill_Seed_No_Plateau
2006_Hogup_Aerial_Seed_Only AND 2016_Peplin_Drill_Seed_Plateau
2006_Pilot_Aerial_Seed
2006_Scorpio_Aerial_Seed_and_Chain
2006_Scorpio_Aerial_Seed_and_Chain AND 2000_Hogup_Aerial_Seed
2006_Scorpio_Aerial_Seed_and_Chain AND 2000_Hogup_Aerial_Seed_and_Chain
2006_Scorpio_Aerial_Seed_and_Chain AND 2000_Hogup_Aerial_Seed_and_Drill
2006_Scorpio_Aerial_Seed_only
2007_Dairy_Valley_Aerial_Seed_and_Chain
2007_Dairy_Valley_Drill_Seed
2007_Dairy_Valley_Drill_Seed AND 1999_Wagon_Box_Aerial_Seed
2007_Hansel_Flat_Aerial_Seed_and_Drill
2007_Locomotive_Springs_Drill_Seed
2008_Devil_Aerial_Seed_and_Chain
2008_Devil_Drill_Seed
2011_Locomotive_Aerial_Seed_and_Chain
2011_Locomotive_Aerial_Seed_and_Chain AND 2000_South_Rose_Ranch_Aerial_Seed_and_Chain_only
2011_Locomotive_Aerial_Seed_Only
2012_Copper_Mountain_Drill_Seed
2012_Meadow_Aerial_Seed_and_Chain
2012_Rhyolite_Aerial_Seed
2012_Rhyolite_Aerial_Seed_and_Chain
2012_Rhyolite_Aerial_Seed_and_Smooth_Chain
2013_Rocky_Complex_Aerial_Seed (Only)
2013_Rocky_Complex_Chain (Aerial Seed and Chain)
2016_Peplin_Drill_Seed_Plateau
2017__Etna_Seeding(Drill and Herbicide)
2017_Kelton_Seeding (Drill and Aerial)
2017_Wildcat_Seeding (Drill aerial herbicide)
2017_Wildcat_Seeding AND 2008_Scooby_Drill_Seed
2018_Aerial_seeding_and_Chaining_Goose_Creek
2018_Aerial_seeding_and_Chaining_Goose_Creek AND 2018_Sage_areas_Goose_Creek
2018_Cedar_Hills_Seeding AND 2000_South_Rose_Ranch_Aerial_Seed_and_Chain_only
2018_Cedar_Hills_Seeding AND 2011_Locomotive_Aerial_Seed_and_Chain
2018_Cedar_Hills_Seeding AND 2011_Locomotive_Aerial_Seed_Only
2018_Cedar_Hills_Seeding AND 2019_Russell_Drill_Seeding
2018_Cedar_Hills_Seeding(Aerial Seed and Chain)
2018_Drill_seed_Goose_Creek
2018_Drill_seed_Goose_Creek AND 2018_Sage_areas_Goose_Creek
2018_Sage_areas_Goose_Creek
2018_Sage_areas_Goose_Creek AND 2006_MORSE_CANYON_Aerial_Seed
2019_Curlew_Drill_Seeding
2019_Drill_seed_Goose_Creek
2019_Drill_seed_Goose_Creek AND 2018_Sage_areas_Goose_Creek
2019_Fall_Aerial_Seeding_and_Chaining AND 2018_Sage_areas_Goose_Creek
2019_Goose_Creek_Fall_Aerial_Seeding_and_Chaining
2020_Hogup_West_Aerial_seed_and_Chain
2020_Shelter_Pass_Aerial_Seed_and_Chain

UTP Name

TSG Name
1: Med
1: Low
1: High
1: Med
1: High
1: Low
4: Low
3: Low
1: Med
4: Low
4: Low
2: Low
3: Low
13: Low
13: Low
1: Low
5: Low
5: Low
1: Low
4: Low
7: Low
15: Low
16: Low
1: Low
4: Med
2: High
5: High
3: Low
2: Low
4: Low
2: Low
4: Low
15: Low
1: Low
2: Low
4: High
1: Med
4: Low
4: Low
1: High
4: Low
2: Low
2: Low
3: Low
3: Low
8: Low
4: Med
17: Med
15: Low
15: Low
7: Low
14: Low
4: Low
2: Low
18: Med
1: Med
20: Med
2: Low
2: Low
18: Low
21: Med
4: Med
4: Low
4: Low

5
5
5
10
4
5
5
5
4
6
5
5
30
5
5
29
4
5
8
10
5
5
5
10
28
9
5
5
2
5
5
5
5
4
4
5
2
5
5
5
10
5
5
10
29
5
10
5
10
5
10
5
5
9
4
28
5
10
5
5
5
9
5
10

512
973
758
2446
900
656
469
475
474
218
609
360
9308
305
595
6249
650
881
2033
4409
430
705
303
1954
7178
2359
298
372
842
723
623
228
747
461
263
378
404
513
456
290
1475
624
283
2510
8677
214
1200
972
286
1104
908
645
2236
1502
385
8757
212
3648
610
280
313
2700
226
2199

Multiple_fires
Hogup
Multiple_fires
Multiple_fires
Pilot
Scorpio
Multiple_fires
Multiple_fires
Multiple_fires
Scorpio
Dairy_Valley
Dairy_Valley
Multiple_fires
Hansel_Flat
Locomotive_Springs
Devil
Devil
Locomotive
Multiple_fires
Locomotive
Copper_Mountain
Meadow
Rhyolite
Rhyolite
Rhyolite
Rocky_Complex
Rocky_Complex
Peplin
_Etna
Kelton
Wildcat
Multiple_fires
Goose_Creek
Multiple_fires
Multiple_fires
Multiple_fires
Multiple_fires
Multiple_fires
Cedar_Hills
Goose_Creek
Multiple_fires
Goose_Creek
Multiple_fires
Curlew
Goose_Creek
Multiple_fires
Multiple_fires
Goose_Creek
Hogup_West
Shelter_Pass

Coal_Mine
Peterson
Wagon_Box
City_of_Rocks
Devine_Canyon
Hogup
Hogup
Hogup
South_Etna
South_Rose_Ranch
Littlefield
DOUBLE_DIAMOND_T
Hogup
Multiple_fires

TSG: RR # Random Points Acres Associated Fire

On the Ground Data: Results by UTP

Aerial Seed Only
Aerial Seed Only
Aerial Seed Only
Aerial Seed Only
Aerial Seed Only
Aerial Seed Only
Aerial Seed and Chain
Aerial Seed and Drill Seed
Aerial Seed Only
Aerial Seed and Chain
Aerial Seed and Chain
Drill Seed Only
Aerial Seed and Drill Seed
Aerial Seed and Drill Seed AND Drill seed Only
Aerial Seed and Drill Seed AND Drill seed Only
Aerial Seed Only
Aerial Seed Only AND Drill Seed Only
Aerial Seed Only AND Drill Seed Only
Aerial Seed Only
Aerial Seed and Chain
Aeiral Seed Only AND Aerial Seed and Chain
Aerial Seed and Chain AND Aerial Seed and Chain
Aerial Seed and Drill AND Aerial seed and Chain
Aerial Seed Only
Aerial Seed and Chain
Drill Seed Only
Aerial Seed Only AND Drill Seed Only
Aerial Seed and Drill Seed
Drill Seed Only
Aerial Seed and Chain
Drill Seed Only
Aerial Seed and Chain
Aerial Seed and Chain AND Aerial Seed and Chain
Aerial Seed Only
Drill Seed Only
Aerial Seed and Chain
Aerial Seed Only
Aerial Seed and Chain
Aerial Seed and Chain
Aerial Seed Only
Aerial Seed and Chain
Drill Seed Only
Drill Seed Only
Aerial Seed and Drill Seed
Aerial Seed and Drill Seed
Drill Seed Only AND Aerial Seed and Drill Seed
Aerial Seed and Chain
Aerial Seed and Chaining AND Sage Area
Aerial Seed and Chain AND Aerial Seed and Chain
Aerial Seed and Chain AND Aerial Seed and Chain
Aeiral Seed Only AND Aerial Seed and Chain
Aerial Seed and Chain AND Drill Seed Only
Aerial Seed and Chain
Drill Seed Only
Drill Seed Only AND Sage Area
Sage Area Only
Aerial Seed Only AND Sage Area
Drill Seed Only
Drill Seed Only
Drill Seed Only AND Sage Area
Sage Area Only AND Aerial Seedind and Chaining
Aerial Seed and Chain
Aerial Seed and Chain
Aerial Seed and Chain

General Info
Years Since
Treatment
21
21
21
20
20
20
20
20
20
20
19
14
14
4
4
14
4
4
14
14
14
14
14
14
13
13
13
13
13
12
12
9
9
9
8
8
8
8
8
7
7
4
3
3
3
3
2
2
2
2
2
1
2
2
2
2
2
1
1
1
1
1
0
0

% Frequency Results

0.15
0.00
0.53
0.17
0.30
0.03
0.00
0.05
0.58
0.04
0.00
0.01
0.05
0.01
0.00
0.03
0.07
0.07
0.01
0.07
0.07
0.03
0.15
0.11
0.22
0.07
0.03
0.00
0.07
0.21
0.48
0.05
0.05
0.00
0.00
0.29
0.30
0.05
0.15
0.27
0.11
0.00
0.03
0.01
0.02
0.03
0.45
0.35
0.05
0.13
0.12
0.00
0.05
0.02
0.08
0.22
0.43
0.00
0.03
0.01
0.12
0.12
0.01
0.04

0.00
0.00
0.00
0.00
0.12
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.01
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.12
0.00
0.00
0.00
0.00
0.00

0.01
0.00
0.28
0.01
0.03
0.00
0.00
0.00
0.03
0.01
0.00
0.00
0.01
0.01
0.00
0.00
0.00
0.01
0.00
0.00
0.00
0.00
0.00
0.00
0.01
0.01
0.00
0.00
0.00
0.01
0.01
0.00
0.00
0.00
0.00
0.12
0.00
0.00
0.00
0.15
0.00
0.00
0.00
0.01
0.01
0.00
0.13
0.03
0.01
0.03
0.00
0.11
0.01
0.00
0.00
0.03
0.04
0.05
0.03
0.00
0.00
0.00
0.00
0.00

0.21
0.43
0.00
0.11
0.07
0.00
0.00
0.19
0.05
0.20
0.44
0.52
0.09
0.32
0.45
0.00
0.27
0.13
0.02
0.03
0.04
0.00
0.00
0.05
0.24
0.32
0.17
0.04
0.03
0.59
0.67
0.09
0.64
0.53
0.00
0.13
0.13
0.29
0.07
0.17
0.25
0.37
0.29
0.18
0.30
0.08
0.19
0.27
0.61
0.37
0.59
0.13
0.26
0.04
0.13
0.12
0.07
0.40
0.17
0.40
0.00
0.04
0.00
0.00

0.01
0.52
0.01
0.00
0.02
0.00
0.00
0.28
0.00
0.31
0.00
0.05
0.15
0.00
0.07
0.04
0.07
0.00
0.00
0.03
0.04
0.00
0.00
0.00
0.01
0.00
0.00
0.00
0.00
0.01
0.00
0.00
0.19
0.00
0.00
0.33
0.00
0.00
0.00
0.03
0.09
0.05
0.00
0.03
0.12
0.00
0.11
0.13
0.05
0.04
0.00
0.00
0.03
0.01
0.35
0.21
0.03
0.07
0.01
0.01
0.00
0.00
0.01
0.00

0.31
0.65
0.17
0.29
0.62
0.39
0.69
0.81
0.23
0.81
0.59
0.60
0.80
0.80
0.96
0.74
0.95
0.60
0.68
0.69
0.76
0.59
0.87
0.87
0.52
0.50
0.55
0.23
0.47
0.44
0.43
0.93
0.87
0.73
0.53
0.61
0.30
0.63
0.93
0.47
0.77
0.96
0.73
0.63
0.79
1.00
0.35
0.43
0.80
0.71
0.75
0.95
0.83
0.84
0.72
0.42
0.55
0.73
0.59
0.37
0.20
0.39
0.79
0.71

0.25
0.03
0.08
0.21
0.47
0.31
0.48
0.44
0.12
0.62
0.13
0.24
0.40
0.44
0.15
0.37
0.17
0.64
0.14
0.43
0.67
0.72
0.40
0.43
0.36
0.69
0.55
0.59
0.70
0.17
0.09
1.16
0.52
0.60
0.27
0.77
0.07
0.13
0.03
0.29
0.32
0.40
0.01
0.41
0.34
0.27
0.24
0.49
0.44
0.91
0.48
0.63
0.64
0.09
0.32
0.43
0.57
0.34
0.05
0.07
0.31
0.30
0.15
0.09

Point Cover Results

0.10
0.13
0.04
0.05
0.15
0.52
0.55
0.33
0.07
0.55
0.29
0.18
0.48
0.53
0.27
0.49
0.41
0.54
0.26
0.41
0.28
0.44
0.29
0.30
0.13
0.17
0.13
0.64
0.57
0.06
0.05
0.38
0.22
0.20
0.62
0.11
0.09
0.35
0.27
0.08
0.23
0.38
0.32
0.45
0.31
0.66
0.10
0.12
0.44
0.17
0.36
0.23
0.52
0.57
0.15
0.16
0.13
0.29
0.46
0.15
0.08
0.21
0.34
0.19

0.13
0.37
0.12
0.31
0.21
0.02
0.00
0.20
0.38
0.19
0.25
0.32
0.15
0.11
0.19
0.08
0.20
0.10
0.12
0.02
0.11
0.01
0.09
0.14
0.35
0.20
0.20
0.05
0.10
0.47
0.42
0.14
0.26
0.32
0.05
0.28
0.47
0.17
0.22
0.14
0.36
0.19
0.26
0.12
0.19
0.09
0.32
0.36
0.17
0.34
0.24
0.32
0.03
0.11
0.40
0.29
0.35
0.06
0.15
0.24
0.18
0.16
0.02
0.03

0.07
0.02
0.46
0.15
0.10
0.04
0.00
0.01
0.08
0.00
0.09
0.02
0.05
0.00
0.00
0.04
0.01
0.01
0.11
0.04
0.02
0.02
0.04
0.01
0.05
0.11
0.08
0.03
0.01
0.02
0.02
0.00
0.01
0.00
0.06
0.04
0.05
0.01
0.09
0.11
0.04
0.00
0.00
0.03
0.01
0.00
0.04
0.02
0.02
0.00
0.01
0.00
0.00
0.01
0.03
0.02
0.06
0.00
0.01
0.01
0.00
0.02
0.00
0.04

0.05
0.00
0.00
0.03
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.01
0.00
0.00
0.00
0.00
0.00
0.01
0.01
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.03
0.02
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.03
0.01
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.01
0.00
0.00
0.00
0.00
0.00
0.01
0.00
0.00

0.49
0.30
0.25
0.29
0.33
0.07
0.03
0.08
0.36
0.21
0.18
0.17
0.15
0.09
0.31
0.17
0.17
0.12
0.36
0.20
0.23
0.08
0.32
0.29
0.22
0.32
0.32
0.00
0.06
0.28
0.36
0.06
0.13
0.13
0.17
0.31
0.19
0.29
0.09
0.50
0.20
0.19
0.26
0.24
0.21
0.09
0.39
0.43
0.24
0.44
0.29
0.27
0.34
0.22
0.31
0.42
0.22
0.58
0.34
0.56
0.70
0.55
0.50
0.64

0.17
0.19
0.12
0.17
0.22
0.34
0.42
0.38
0.12
0.05
0.18
0.31
0.16
0.27
0.24
0.23
0.21
0.23
0.14
0.33
0.36
0.44
0.27
0.26
0.23
0.20
0.27
0.28
0.27
0.17
0.15
0.42
0.38
0.35
0.10
0.26
0.20
0.15
0.31
0.16
0.18
0.24
0.16
0.16
0.28
0.17
0.12
0.07
0.13
0.06
0.10
0.18
0.12
0.09
0.12
0.11
0.24
0.06
0.05
0.04
0.04
0.05
0.14
0.10

2733
1560
8293
2240
8767
760
2027
627
2833
67
1627
813
2578
27
120
2717
817
547
4592
1840
53
120
1053
820
2462
5844
4173
600
2267
1107
427
787
333
17
4467
2173
533
760
1187
3347
1107
467
107
5827
1584
93
1267
307
533
80
3313
93
93
1496
100
331
1987
47
693
187
27
326
93
1927

Non_Artemisia Shrubs per
Hectare

Shrub Density Results

600
0
9440
4247
433
40
0
0
433
0
13
947
1189
0
0
1221
0
320
2217
0
413
0
1293
193
62
1170
413
0
0
1787
307
0
27
0
4600
227
333
400
827
1453
560
400
160
73
92
0
2040
2800
13
0
0
0
0
7
3700
5481
360
0
680
1467
1347
615
213
1247

NPG NPF NAG NAF EPG EPF EAG EAF AFG PFG SHR TREE BG LTR Artemisia Shrubs per Hectare
0.64
0.29
1.09
0.91
1.03
0.12
0.00
0.33
1.00
0.28
0.31
0.67
0.26
0.23
0.32
0.25
0.90
0.36
0.40
0.12
0.41
0.04
0.25
0.45
0.81
0.44
0.72
0.11
0.27
0.83
0.64
0.33
0.29
0.38
0.13
0.67
0.67
0.17
0.79
0.43
0.65
0.71
0.39
0.16
0.28
0.15
0.59
0.60
0.67
0.69
0.81
0.15
0.44
0.44
0.72
0.53
0.75
0.09
0.36
0.39
0.49
0.46
0.28
0.17
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Appendix Table 4 - The average number of shrub species (shrub diversity) across all
treatment scenarios in West Box Elder County from 2019-2020 field sampling.
TSG Name
Aerial Seed Only (124 Sites)
Drill Seed Only (59 Sites)
Aerial Seed and Drill Seed (79 Sites)
Aerial Seed and Chain (128 Sites)
Aerial Seed Only AND Drill Seed Only (14 Sites)
Aeiral Seed Only AND Aerial Seed and Chain (15 Sites)
Drill Seed Only AND Aerial Seed and Drill Seed (5 Sites)
Aerial Seed and Drill Seed AND Drill seed Only (10 Sites)
Aerial Seed and Chain AND Drill Seed Only (5 Sites)
Aerial Seed and Chain AND Aerial Seed and Chain (25 Sites)
Aerial Seed and Drill AND Aerial seed and Chain (5 Sites)
Aerial Seed and Chaining AND Sage Area (5 Sites)
Drill Seed Only AND Sage Area (9 Sites)
Aerial Seed Only AND Sage Area (5 Sites)
Sage Area Only AND Aerial Seeding and Chaining (5 Sites)

Count of Average # Shrub Species

9
5
9
7
4
4
3
2
1
4
14
4
6
8
2

Appendix Table 5 - All results from the ground-based analysis sampling protocols in
West Box Elder County from 2019-2020 field sampling. Data is displayed according to
treatment scenario group/resistance and resilience combinations.

On the Ground Data: Results
% Frequency Results
Mean
TSG

Aerial Seed Only (124 Sites)
Aerial Seed Only (124 Sites)
Aerial Seed Only (124 Sites)
Drill Seed Only (59 Sites)
Drill Seed Only (59 Sites)
Drill Seed Only (59 Sites)
Aerial Seed and Drill Seed (79 Sites)
Aerial Seed and Drill Seed (79 Sites)
Aerial Seed and Drill Seed (79 Sites)
Aerial Seed and Chain (128 Sites)
Aerial Seed and Chain (128 Sites)
Aerial Seed and Chain (128 Sites)

Point Cover Results Shrub Density Results

Standard Error

General Info

R&R Ranking NPG NPF NAG NAF EPG EPF EAG EAF NPG NPF NAG NAF EPG EPF EAG EAF Total Acres

Low
Med
High
Low
Med
High
Low
Med
High
Low
Med
High

0.31
0.75
0.85
0.41
NA
0.44
0.23
NA
NA
0.36
0.62
0.67

0.03
0.28
0.37
0.07
NA
0.07
0.03
NA
NA
0.07
0.26
0.29

0.00
0.00
0.04
0.01
NA
0.01
0.00
NA
NA
0.00
0.00
0.00

0.00
0.02
0.15
0.01
NA
0.01
0.01
NA
NA
0.00
0.04
0.12

0.17
0.12
0.08
0.28
NA
0.32
0.16
NA
NA
0.18
0.16
0.13

0.09
0.05
0.02
0.02
NA
0.00
0.12
NA
NA
0.04
0.04
0.33

0.68
0.31
0.42
0.65
NA
0.50
0.65
NA
NA
0.73
0.42
0.61

0.31
0.22
0.28
0.24
NA
0.69
0.44
NA
NA
0.36
0.30
0.77

0.05
0.09
0.21
0.08
NA
NA
0.04
NA
NA
0.08
0.10
NA

0.02
0.08
0.08
0.05
NA
NA
0.01
NA
NA
0.02
0.10
NA

0.00
0.00
0.04
0.01
NA
NA
0.00
NA
NA
0.00
0.00
NA

0.00
0.01
0.07
0.01
NA
NA
0.00
NA
NA
0.00
0.04
NA

0.10
0.03
0.05
0.08
NA
NA
0.04
NA
NA
0.05
0.06
NA

0.09
0.04
0.00
0.01
NA
NA
0.05
NA
NA
0.03
0.04
NA

0.07
0.03
0.13
0.06
NA
NA
0.11
NA
NA
0.04
0.05
NA

0.08
0.06
0.11
0.07
NA
NA
0.04
NA
NA
0.09
0.03
NA

Cover Class

# of UTP's AFG PFG SHR TREE

12326
12593
1948
17594
NA
2359
21342
NA
NA

6
5
3
9
NA
1
5
NA
NA

13762
11078
378

12
3
1

32%
9%
9%
38%
NA
17%
44%
NA
NA
34%
15%
11%

18%
32%
16%
18%
NA
20%
14%
NA
NA
17%
28%
28%

4%
7%
22%
1%
NA
11%
3%
NA
NA
3%
4%
4%

0%
2%
0%
0%
NA
1%
0%
NA
NA
0%
2%
0%

Shrubs per Hectare
BG LTR
22%
35%
36%
26%
NA
32%
14%
NA
NA
24%
39%
31%

25%
15%
17%
16%
NA
20%
25%
NA
NA
22%
13%
26%

Artemisia Shrubs per Non_Artemisia Shrubs
per Hectare
Hectare
906
2220
3005
862
4014
6662
619
977
NA
NA
1170
5844
439
2109
NA
NA
NA
NA
425
1141
589
1799
227
2173
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Appendix Table 6 - The frequencies of each specific functional group across the main
four treatment scenarios in West Box Elder County from 2019-2020 field sampling. NPG:
native perennial grass, NPF: native perennial forb. NAG: native annual grass, NAF: native
annual forb, EPG: exotic perennial grass, EPF: exotic perennial forb. EAG: exotic annual
grass, EAF: exotic annual forb.
SFG's
Aerial Seed Only Drill Seed Only Aerial Seed and Drill Seed Aerial Seed and Chain
NPG (% Frequency)
59%
41%
23%
43%
NPF (% Frequency)
19%
7%
3%
12%
NAG (% Frequency)
1%
1%
0%
0%
NAF (% Frequency)
4%
1%
1%
2%
EPG (% Frequency)
14%
28%
16%
18%
6%
2%
12%
6%
EPF (% Frequency)
EAG (% Frequency)
49%
64%
65%
67%
EAF (% Frequency)
27%
29%
44%
38%

Appendix Table 7 - The frequencies of each specific functional group (with Poa secunda
isolated) across the main four treatment scenarios in West Box Elder County from 20192020 field sampling.
SFG's + POSE

Poa secunda (Isolated) (% Frequency)
Native Perennial Grasses (NPG) (% Frequency)
Native Perennial Forbs (NPF) (% Frequency)
Native Annual Grasses (NAG) (% Frequency)
Native Annual Forbs (NAF) (% Frequency)
Exotic Perennial Grasses (EPG) (% Frequency)
Exotic Perrenial Forbs (EPF) (% Frequency)
Exotic Annual Grasses (EAG) (% Frequency)
Exotic Annual Forbs (EAF) (% Frequency)

Aerial Seed Only
(124 Sites)

Drill Seed Only (59
Sites)

Aerial Seed and Drill Seed
(79 Sites)

Aerial Seed and Chain
(128 Sites)

31%
27%
19%
1%
4%
14%
6%
49%
27%

21%
20%
7%
1%
1%
28%
2%
64%
29%

16%
7%
3%
0%
1%
16%
12%
65%
44%

26%
17%
12%
0%
2%
18%
6%
67%
38%
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Appendix Table 8 - All actual values used in the effect size analyses performed for all
treatment scenarios, resistance and resilience rankings, cover types, and time frames in
West Box Elder County from 1999-2019. Mean cover estimates preceding and following
each of these scenarios are included along with their standard errors. Also included for
each scenario is the number of unique treatment polygons and the number of acres
covered.
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Figures

Appendix Figure 1 - Each unique treatment polygon within the study area boundary. 64
Unique treatment polygons were identified in West Box Elder County from 1999-2019.
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Appendix Figure 2 - All double treated polygons within the study area in West Box Elder
County from 1999-2019.

Appendix Figure 3 - The areas of the treatment scenario groups within the study area in
West Box Elder County from 1999-2019. All multiple treated polygons were lumped into
the Multiple fires and treatments category.
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Appendix Figure 4 - Areas that have been treated multiple times by their treatment
scenario grouping in West Box Elder County from 1999-2019.

Appendix Figure 5 - Results from ground-based data collecting point cover statistics,
summarized across treatment scenario groups in West Box Elder County from 20192020 field surveys. Data reflects cover percentages of each of the broad functional
groups; annual forbs/grasses, perennial forbs/grasses, shrubs, trees, bare ground/ litter.
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Appendix Figure 6 - Results from ground-based data collecting point cover statistics,
summarized across treatment scenario groups in West Box Elder County from 20192020 field surveys. Data reflects cover percentages of each of the broad functional
groups; annual forbs/grasses, perennial forbs/grasses, shrubs, trees, bare ground, and
litter.

Appendix Figure 7 - Species richness by the average number in each specific functional
group across the four main treatment scenarios in West Box Elder County from 20192020 field surveys.
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Appendix Figure 8 - The average number of shrub species (shrub diversity) across the
four main treatment scenarios in West Box Elder County from 2019-2020 field surveys.

Appendix Figure 9 - Acres that have burned once, twice, and three times across the
study area in West Box Elder County from 1999-2019. Adjusted acreages were used
here and are included in each estimate to account for multiple burned areas.
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Appendix Figure 10 - The number of distinct fires that have occurred from 1985-2019
within the study area in West Box Elder County. A trend line is also plotted that shows
an increasing trend.

Appendix Figure 11 - The resistance and resilience ranking of all burned acres within the
study area in West Box Elder County. Non-adjusted acres or “true polygon sizes” were
used here.
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Appendix Figure 12 - The resistance and resilience composition of the entire study area
of West Box Elder County displayed in acres for each of the three R&R rankings.

Appendix Figure 13 - The amount of burned acres within each resistance &resilience
ranking in West Box Elder County from 1985-2019 compared to the general amount of
acres found across the study area for each resistance & resilience ranking.
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Appendix Figure 14 - The resistance and resilience ranking of areas that have burned
multiple times in West Box Elder County from 1985-2019. Non-adjusted acres or true
polygon sizes were used here.
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Appendix Figure 15 - The proportion of area within each resistance & resilience ranking
that has burned multiple times in West Box Elder County from 1999-2019.

Appendix Figure 16 - The proportions of all multiple burned areas in each resistance &
resilience category in West Box Elder County from 1999-2019 compared to the overall
burned areas of each resistance & resilience category. I.e., Of all the burned acres in
high resistance & resilience 23% of those are from burning multiple times.
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Appendix Figure 17 - The total acres burned per year within the West Box Elder County
study area from 1985-2019. Total acres per year is calculated by summing all burned
acres from each fire that occurred each year. A trend line is also plotted, showing an
increasing trend.

Appendix Figure 18 - The average precipitation and total acres burned per year within
the study area of West Box Elder County from 1985-2019. Precipitation estimates were
acquired form the PRISM data set and sampled from the burned area polygons to
produce an average across the study area.
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Appendix Figure 19 - The average inches of precipitation received at each treatment
scenario group in West Box Elder County from 1999-2019. This data was generated
using the PRISM online tool. All estimates were calculated using each unique treatment
polygon’s centroid location and averaged across each treatment scenario group.
Displayed above are the four main TSGs only.

Appendix Figure 20 - The precipitation received the year of treatment at each treatment
location in West Box Elder County from 1999-2019. Neutral precipitation indicates that
in double treated areas, one of the years of treatment had above average precipitation
and the other had below average precipitation producing a null effect.
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Appendix Figure 21 - The precipitation history across all treated acres in West Box Elder
County from 1999-2019. Neutral precipitation denotes a proportion of 0.5 when
comparing “above average” to “below average” years of precipitation. Worst denotes a
proportion of 1.0, Best denotes a proportion of 0.0, Bad denotes a proportion of .75,
and Good denotes a proportion of .25. For example, if an area burned twice, four years
of precipitation were examined (the year of and year after for each treatment) if 3 out
of the four precipitation years were below average, this generated a proportion of .75.

